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1.  INTRODUCTION 

This  4-year  research  project  (W81XWH-1 1-1-0716;  Development  of  a  novel  synthetic  drug  for 
osteoporosis  and  fracture  healing)  was  conducted  at  Indiana  University,  Indianapolis,  IN  from 
September  2011  to  August  2015,  as  a  collaborative  project  among  the  Departments  of 
Biomedical  Engineering  (PI,  Hiroki  Yokota,  PhD),  Anatomy  and  Cell  Biology  (co-I,  Teresita 
Bellido,  PhD),  Medicine  (co-I,  Munro  Peacock,  MD,  Division  of  Endocrinology),  and 
Orthopaedic  Surgery  (Jeffrey  Anglen,  MD).  The  project  was  also  conducted  in  collaboration 
with  Indiana  University  Research  and  Technology  Corporation  that  handled  intellectual 
properties  and  assisted  commercialization  planning. 

The  project  mainly  focused  on  the  characterization  and  examination  of  salubrinal 
(C21H20CI3N4OS;  479.8  Da),  a  novel  drug  candidate,  for  treatment  of  bone  diseases  such  as 
osteoporosis  and  osteonecrosis,  as  well  as  healing  of  bone  fracture.  The  research  team  employed 
in  vitro  systems  (bone  cell  cultures  including  osteoblasts  and  osteoclasts)  and  a  mouse  model  of 
osteoporosis,  osteonecrosis,  and  bone  fracture. 
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3.  ACCOMPLISHMENTS 

Major  Goals:  The  major  goal  of  this  proposal  was  to  develop  salubrinal  as  a  novel  small- 
molecule  drug  for  enhancing  bone  formation,  and  stimulating  bone  fracture  healing.  Salubrinal 
is  a  synthetic  chemical  agent,  which  is  known  to  prevent  de-phosphorylation  of  eukaryotic 
initiation  factor  2  alpha  (eIF2a).  However,  a  potential  linkage  of  the  regulation  of  eIF2a  to  bone 
metabolism  has  not  been  well  understood.  This  project  was  directed  at  “osteoporosis  and  related 
bone  disease”  in  the  FY10  PRMRP  topic  areas. 

This  project  was  aimed  to  test  the  hypothesis: 

A  novel  synthetic  agent,  salubrinal,  can  be  administered  through  multiple  routes  (oral, 
subcutaneous  injection,  intravenous  injection,  and  local  deposition)  with  superior 
efficacy  compared  to  existing  drugs  for  enhancing  bone  formation  and  stimulating  bone 
fracture  healing. 

Accomplishments:  In  this  4-year  research  project,  the  key  accomplishments  are  as  follows: 

(a)  Pharmacokinetics  and  model  systems 

•  A  formulation  for  salubrinal  (49.5%  PEG  -  polyethylene  glycol  400  and  0.5%  Tween  80) 
was  determined. 

•  An  effective  dosage  for  in  vivo  (0.5  -  1.5  mg/kg  body  weight)  and  in  vitro  (5  -  20  pM) 
studies  was  identified. 
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(b)  Mechanistic  study 

•  Ex  vivo  experiments  using  bone  marrow  derived  cells  showed  that  salubrinal  inhibits 
osteoclast  development  and  stimulates  osteoblast  development. 

•  Genome-wide  mRNA  expression  analysis  reveals  that  both  salubrinal  and  guanabenz 
downregulate  NFATcl  transcription  factor,  which  activates  bone  resorption,  in  a  novel 
eIF2a  mediated  pathway. 

•  Salubrinal  and  guanabenz  significantly  changes  the  expression  levels  of  micro  RNAs 
(e.g.,  miR-221,  miR-222). 

•  There  is  a  cross  talk  between  salubrinal  and  alendronate  (bisphosphonate)  in  the 
responses  to  glucocorticoid  that  induces  osteonecrosis. 

(c)  Pre-clinical  animal  studies 

•  In  vivo  experiments  using  ovariectomized  mice  revealed  that  administration  of  salubrinal 
reduces  fat  weight,  and  prevents  reduction  in  uterus  weight  and  BMD/BMC. 

•  The  decrease  in  bone  mass  and  bond  formation  rate  and  the  increase  in  osteoblasts  and 
osteocyte  apoptosis,  which  is  induced  by  glucocorticoid  at  1 .4  mg/kg/day,  are  abolished 
by  treatment  with  salubrinal. 

•  Administration  of  salubrinal  elevates  bone  formation  at  the  site  of  tibia  fracture  by 
increasing  BMD  (bone  mineral  density)  and  BMC  (bone  mineral  content). 

(d)  Intellectual  properties 

•  A  U.S.  patent  (Method  for  treatment  of  bone  diseases  and  fractures;  13/055,399)  was 
issued  in  June  2015. 

Two  review  articles  on  potential  use  of  salubrinal  for  treatment  of  skeletal  diseases  were 
published  (Appendices  3  &  4).  Below  are  the  detailed  descriptions  of  accomplishments  with 
supporting  data  for  the  tasks  in  SOW. 

Task  #1  -  Develop  formulations  for  four  routes  of  administration  (oral,  subcutaneous  -  s.c., 
intravenous  -  i.v.,  and  local  immobilization  in  implantable  matrix),  and  determine 
pharmacodynamics. 

Subtasks  la  and  lb:  Develop  salubrinal  formulation 

A  formulation  screen  was  performed  to  identify  physiological  conditions  compatible  with 
injection  and  oral  administration  with  satisfactory  salubrinal  solubility.  A  total  of  25  candidates 
were  prepared  in  a  phosphate  buffer  or  water,  in  which  a  selection  of  surfactants,  co-solvents,  and 
complexing  agents  was  tested.  A  rapid,  stage-appropriate  HPLC-UV  (high  performance  liquid 
chromatography  -  ultra  violet)  method  was  developed  for  the  quantitation  of  salubrinal 
concentration  in  solution.  The  quantification  of  salubrinal  solution  concentration  in  the 
subsequent  studies  was  carried  out  relative  to  a  single  external  standard  containing  0.1  mg/mL 
salubrinal,  using  an  average  peak  area  of  triplicate  injections.  The  results  are  presented  in  Table 
1.  The  greatest  solubility  of  salubrinal  was  achieved  in  vehicles  containing  PEG  (polyethylene 
glycol)  400  and  TPGS  (vitamin  E  d-a-tocopheryl  polyethylene  glycol  1000  succinate). 
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Seven  formulations  were 
identified  with  salubrinal 
concentrations  from  0.3  to  1.8 
mg/ml  (Table  2).  A  number  of 
vehicles  suitable  for  i.v.  and 
oral  administration  of  salubrinal 
were  prepared  with  satisfactory 
active  pharmaceutical 
ingredients  (API)  concentration 
and  recovery  upon  dilution  into 
simulated  physiological  fluids. 

The  vehicles  may  be  ranked 
based  on  their  concentration  in 
vehicle,  composition,  and 
performance  in  these  in  vitro 
tests.  In  the  absence  of  the  in 
vitro/in  vivo  correlation,  all 
parameters  are  considered 
equally  important.  The 
correlation  between  the  in  vitro 
data  sets  and  performance  in 
vivo  will  have  to  be  established 
as  the  project  progresses  into 
the  animal  testing  phase.  Of 
these,  four  are  appropriate  for 
i.v.  administration  and  six  for 
oral  administration.  The 
samples  were  subsequently 
diluted  into  simulated  plasma  and  simulated  gastric  and  intestinal  fluids,  as  appropriate,  and  were 
analyzed  for  percent  recovery  of  API  in  solution. 
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Samples  10,  13,  and  16  are  identified  for  oral  administration  only,  while  the  sample  15  for 
injection  only.  Samples  3,  7,  and  17  are  for  both  oral  administration  and  injection.  Since  API  of 
the  sample  7  (49.5%  PEG400  and  0.5%  Tween  80)  is  the  highest  among  three  samples,  we 
decided  to  use  the  formulation  of  this  sample  hereafter. 

Subtask  1C:  Develop  a  procedure  for  local  implantation  (Appendix  11) 

Salubrinal  loaded  poly  lactic-co-glycolic  acid  (PLGA)  (50:50,  MW:  30-60  kDa,  Sigma) 
microparticles  were  prepared  using  oil-in- water  emulsion  method.  First,  100  mg/ml  of  PLGA 
was  dissolved  in  dichloromethane  (DCM).  Next,  2  mg  of  salubrinal  was  added  to  1  ml  of 
PLGA/DCM  solution,  followed  by  vortexing  for  1  minute.  The  primary  emulsion  was  added  to  2 
ml  of  1%  poly( vinyl  alcohol)  (PYA)  solution  and  vortexed  for  3  minutes.  The  secondary 
emulsion  was  poured  into  20ml  of  aqueous  solution  containing  0.5%  PVA  and  450  mM  sodium 
chloride.  The  emulsion  was  stirred  for  4  hours  at  700  rpm  to  allow  the  evaporation  of  DCM,  and 
the  hardened  microparticles  were  collected  by  centrifugation  (2000  rpm,  5  min)  and  washed  three 
times  with  ddH20.  The  drug-loaded  PLGA  microparticles  were  then  freeze  dried  and  stored  at  - 
20°C  until  use. 

In  situ  cured  PEG  hydrogels  were  prepared  by  reacting  four-arm  PEG-acrylate  (PEG4A,  20  kDa, 
synthesized  using  published  protocol)  and  four-arm  PEG-thiol  (PEG4SH,  10  kDa,  purchased 
from  JenKem  Technology  USA)  (Fig.  1A)  through  Michael-type  addition  reaction  (Fig.  IB). 
Briefly,  stock  solutions  of  PEG4A  and  PEG4SH  (both  at  20  wt%)  were  mixed  at  equal  volume 
and  pipetted  onto  the  platform  of  a  digital  rheometer  (CVO  100,  Malvern).  Eight-mm  parallel 
plate  geometry  was  used,  and  the  gelation  was  monitored  using  single  frequency  rheometry  (1 
Hz)  operated  at  5%  strain  (Fig.  1C  &  D).  In  one  group,  PLGA  microparticles  (10  wt%)  were 
mixed  with  the  PEG  solutions  prior  to  in  situ  rheometry  measurement. 
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Figure  1.  Hydrogel  based  delivery.  (A)  Chemical  structure  of  two  PEG  derivatives  (PEG4SH  and  PEG4A). 
(B)  Chemical  reactions  for  in  situ  gelation  and  overtime  hydrolysis.  (C)  Changes  in  moduli  during  gelation 
without  PLGA  particles.  (D)  Changes  in  moduli  during  gelation  with  salubrinal-loaded  PLGA  particles. 


For  the  healing  of  bone  fracture  (Task  4),  we  employed  hydrogel-based  administration  of 
salubrinal. 

Subtask  Id:  Determine  the  salubrinal  concentrations  in  serum 

Using  the  formulation  identified  above,  we  administered  salubrinal  by  three  different  routes  (SC- 
subcutaneous,  IP  -  intraperitoneal,  and  OR  -  oral  gavage)  and  determined  the  concentration  of 
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salubrinal  in  serum.  The  dosage  of  salubrinal  was  1 .25  mg/kg  per  administration,  and  blood  was 
drawn  at  0  h  (prior  to  administration),  0.5  h,  1  h,  2  h,  4  h,  and  8  h.  The  concentration  of 
salubrinal  in  serum  was  determined  using  mass  spectrometry  (Figs.  2  -  4). 


Salubrinal  cor cer (ration  (ng/ml) 

Figure  2.  Ion  chromatogram  of  salubrinal 
detection. 

Figure  3.  Standard  mass  spec  curve  for  determining 
the  concentration  of  salubrinal. 

Figure  4.  Concentration 
of  salubrinal  in  serum 
after  administration  by 
three  different  routes  (SC: 
subcutaneous;  IP: 
intraperitoneal,  and  OR: 
oral  gavage).  Each  point 
represents  the  average  of 
three  measures. 


Note  that  propylene  glycol  was  identified  as  an  excellent  solvent  of  salubrinal,  but  this  agent  is  a 
hazardous  chemical  and  we  did  not  use  it  as  a  standard  formulation. 

Task  #2  -  Evaluate  the  efficacy  of  salubrinal  on  bone  formation  (Appendices  5, 10). 

Ovariectomized  (OVX)  mice  demonstrated  an  increase  in  body  weight  over  the  sham  control 
mice,  while  subcutaneous  administration  of  salubrinal  in  weeks  5  to  8  significantly  suppressed 
the  OVX-induced  increase  in  body  weight  (p  <  0.001)  (Fig.  5A).  Similarly,  the  uterus  weight  of 
OVX  mice  was  significantly  decreased  compared  to  sham  control  mice,  while  salubrinal 
administration  of  OVX  mice  increased  the  uterus  weight  over  untreated  OVX  mice,  though  this 
weight  was  still  significantly  lower  than  that  of  sham  control  mice  (Fig.  5B).  The  percentage  of 
both  total  fat  and  abdominal  fat  was  increased  in  OVX  mice  when  compared  to  the  sham  control 
group  and  decreased  by  the  administration  of  salubrinal  (Fig.  5C  &  D).  OVX  mice  receiving 
salubrinal  exhibited  a  statistically  significant  increase  in  BMD  (bone  mineral  density)  and  BMC 
(bone  mineral  content)  in  the  lumbar  spine,  femur,  and  tibia  compared  with  OVX-only  mice  (Fig. 
5E  &  F).  The  BMD  of  the  lumbar,  femur,  and  tibia  in  sham-operated  mice  were  0.0502  ±  0.0009 
g/cm2,  0.0521  ±  0.0016  g/cm2,  and  0.0492±  0.0009g/cm2,  respectively,  while  the  BMC  of  the 
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lumbar,  femur,  and  tibia  in  sham-operated  mice  were  0.0693  ±  0.002  g,  0.024  ±  0.0008  g,  and 
0.0215  ±  0.0029  g. 
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lumbar  femur  tibia 
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0.06  n 


Figure  5.  Effects  of  ovariectomy  and  salubrinal  on  body  weight,  uterus  weight,  total  fat, 
abdominal  fat,  BMD,  and  BMC.  (A)  Salubrinal-driven  suppression  of  OVX-induced  gain  of  body 
weight.  (B)  Salubrinal-driven  partial  recovery  of  OVX-induced  loss  of  uterine  weight.  (C)  Salubrinal- 
induced  reduction  in  total  fat  (%).  Total  fat,  when  compared  to  sham  control,  was  increased  by  OVX  and 
decreased  by  salubrinal.  (D)  Salubrinal-induced  reduction  in  abdominal  fat  (%).  OVX  increased 
abdominal  fat  over  sham,  while  salubrinal  treatment  decreased  it.  (E  and  F)  Suppression  of  OVX- 
induced  reduction  of  BMD  and  BMC,  respectively,  in  the  lumbar  spine,  femur  and  tibia.  Salubrinal 
increased  BMD  compared  to  OVX  in  the  lumbar  spine,  femur,  and  tibia.  Asterisks  (*,**,  and  ***) 
represent  statistical  significance  at  p<  0.05,  p<  0.01,  and p<  0.001,  respectively  (n=12). 


Ovariectomy  did  not  induce  a  significant  change  in  colony  forming  units  of  fibroblasts  (CFU-F) 
or  colony  forming  units  of  osteoblasts  (CFU-OBL)  colonies,  representing  the  progenitors  of 
fibroblasts  and  osteoblasts,  respectively,  as  measured  in  cultures  of  bone  marrow-derived  cells 
(Fig.  6A&B).  However,  cells  derived  from  OVX  mice  injected  with  salubrinal  produced  more 
CFU-F  and  CFU-OBL  colonies  when  compared  to  cultures  established  from  both  sham-operated 
mice  and  ovariectomized  mice  (Fig.  6A&B). 

To  evaluate  salubrinal’s  effect  on  bone  architecture,  the  BV/TV  (bone  volume/trabecular 
volume)  ratio  in  the  distal  femur  was  evaluated  among  these  three  groups  (Fig.  6C).  Compared 
to  sham-control  mice,  ovariectomized  mice  presented  a  reduction  in  BV/TV  (p<  0.001;  32.05  ± 
1.5%  in  sham-control  mice,  and  19.31  ±  0.82%  in  OVX  mice).  However,  salubrinal 
administration  significantly  restored  BV/TV  (p<  0.001;  25.5  ±  1.03%  in  salubrinal-treated  OVX 
mice).  In  response  to  its  daily  administration,  salubrinal’s  effects  on  femoral  BMD  (bone 
mineral  density)  and  BMC  (bone  mineral  content)  differed  between  sham-control  and  OVX  mice 
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(Fig.  6D).  OVX  mice  increased  BMD  and  BMC  of  the  femur  by  1 1.8  ±2.7%  and  1 1.8  ±0.8%, 
respectively.  On  the  other  hand,  the  elevation  of  BMD  and  BMC  of  sham  OVX  mice  was 
significantly  smaller,  and  they  were  3.5  ±1.9%  (BMD)  and  3.7  ±0.8%  (BMC). 


A 


sham 


sham  OVX  OVX+5el 


OVX  OVX+Sal 


sham  OVX  OVX+Sal 


Figure  6.  Effects  of  subcutaneous  administration  of  salubrinal  on  CFU-F,  CFU-OBL,  and  femoral 
bone.  (A&  B)  Comparison  of  CFU-F  and  CFU-OBL,  respectively.  Bone  marrow-derived  cells  were 
isolated  from  3  groups  of  mice  (sham,  OVX,  and  salubrinal-injected  OVX  mice).  The  representative 
photographs  are  shown  (n=12).  (C)  BV/TV  ratio  in  the  distal  femur  (n=6).  (D)  Comparison  of 
salubrinal-driven  increases  in  femoral  BMD  and  BMC  between  sham  control  (n=6)  and  OVX  mice 
(n=12).  Of  note,  **,  and  ***  for  p<  0.01  and  p<  0.001,  respectively. 


Task  #3  -  Evaluate  the  efficacy  of  salubrinal  in  preventing  bone  loss  induced  by 
glucocorticoid  excess. 

Subtask  3  a:  Evaluate  the  efficacy  of  salubrinal  in  bone  loss  (Appendices  7,  8) 

C57BL/6  female  mice  implanted  with  pellets  containing  two  different  doses  of  the  glucocorticoid 
(GC)  prednisolone  (GC1  =  1.4  or  GC2  =  2.1  mg/kg/day)  received  daily  injections  of  salubrinal  (1 
mg/kg/day).  Mice  treated  with  prednisolone  exhibited  increased  apoptosis  of  osteoblasts  in 
cancellous  bone  and  of  osteocytes  in  both  cancellous  and  cortical  bone  (Fig.  7A).  Salubrinal 
completely  blocked  GC1 -induced  apoptosis  of  both  osteoblasts  and  osteocytes,  whereas  it  only 
partially  prevented  the  increase  in  GC2-induced  apoptosis  of  osteoblasts  and  did  not  inhibit  GC2- 
induced  osteocyte  apoptosis.  Alendronate  effectively  prevented  GC2-induced  apoptosis  of  both 
osteoblasts  and  osteocytes  in  cancellous  bone,  although  it  did  not  inhibit  GC2-induced  cortical 
osteocyte  apoptosis.  Administration  of  prednisolone  induced  a  significant  decrease  in  BMD  in 
total  body,  spine,  and  femur,  at  both  doses  compared  to  placebo  (Fig.  7B).  Mice  implanted  with 
placebo  pellets  and  treated  with  salubrinal  lost  significantly  less  spinal  BMD  compared  to  those 
treated  with  vehicle.  Similarly,  mice  implanted  with  GC1  pellets  and  injected  with  salubrinal  lost 
significantly  less  bone  compared  to  mice  implanted  with  GC1  pellets  and  injected  with  vehicle. 
On  the  other  hand,  salubrinal  did  not  prevent  the  loss  of  bone  induced  by  GC2.  In  contrast, 
inhibition  of  resorption  with  alendronate  not  only  prevented  GC2-induced  bone  loss,  as 
previously  shown,  but  also  increased  BMD  over  placebo  treated  mice.  Moreover,  GC1  and  GC2 
reduced  bone  formation  rate  (BFR)  in  cancellous  bone  by  a  combination  of  reduction  in  MS/BS 
(mineralizing  surface/bone  surface)  and  in  MAR  (mineral  apposition  rate)  (Fig.  1C). 
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Figure  7.  Salubrinal  protects  against  glucocorticoid-induced  apoptosis  and  consequent  bone  loss  in  vivo. 
(A)  TUN  EL  and  (C)  dynamic  hi  stomorphometric  data  was  obtained  from  longitudinal  distal  femur 
sections.  Bars  correspond  to  50  pm.  (B)  BMD  percent  changesfor  placebo,  1.4  mg/kg/day  prednisolone 
(GC1),  or  2.1  mg/kg/day  prednisolone  (GC2)  pellet  implanted  mice  with  or  without  salubrinal 
intervention  were  determined  by  DXA  (dual  energy  X-ray  absorptionmetry)  analysis.  Bars  represent  the 
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means ±  SD  of  N  =  7-10for  (A)  and  (C)  and  N  =  6-10for  (B).  Statistical  analysisfor  placebo,  GC1,  and 
GC2  treated  mice  treated  with  vehicle  (control)  or  salubrinal  was  performed  by  two-way  ANOVA.  *p  < 
0.05  vs.  placebo  mice  injected  with  vehicle  (control)  or  salubrinal.  #p  <  0.05  vs  the  corresponding  GC 
treated  mice  injected  with  vehicle  (control).  The  effect  of  alendronate  on  GC2  treated  mice  was  analyzed 
by  compari  ng  pi  acebo,  GC2,  and  GC2  pi  us  al  endronate  by  one-way  A  N  OV  A .  *  p  <  0.05  vs.  pi  acebo  mi  ce 
injected  with  vehicle  (control)  and  #p  <  0.05  vs.  GC2  treated  mice  injected  with  vehicle  (control). 


Subtask  3b:  Investigate  molecular  pathways  (Appendices  1,  2,  6) 

Treatment  with  salubrinal  or  guanabenz  increased  mineralization  of  OB-6  cells  (Fig.  8A  &  B). 
Further,  either  compound  partially  prevented  the  decreased  mineralization  induced  by 
glucocorticoid  (GC)  in  OB-6  or  primary  osteoblasts  (Fig.  8).  Thus,  salubrinal  increased  mineral 
content  in  cells  treated  with  GC  compared  to  GC  alone  after  7  and  10  days  of  culture  (Fig.  8A). 
However,  salubrinal  treatment  could  not  block  GC  reductions  in  mineralization  after  14  days  of 
GC  exposure,  but  guanabenz  remained  effective  throughout  the  two  week  GC  treatment  period 
(Fig.  8A-C). 
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Figure  8.  Salubrinal  and  guanabenz  ameliorate  the  inhibitory  effects  of  GC  on  matrix  mineralization.  (A) 
Mineralization  was  determined  in  vehicle(veh)  or  dexamethasone  (dex)  treated  differentiated  OB-6  cells 
without  (control)  or  with  salubrinal  (sal)  pre-treatment  for  7, 10,  and  14  days  by  Alizarin  Red  S  staining. 
(B)  &  (C)  quantification  of  mineralization  in  OB-6  (B)  and  calvaria-derived  (C)  osteoblastic  cel  Is  treated 
with  vehicle  or  dexamethasone  with  or  without  guanabenz  (gz)  for  the  indicated  incubation  periods. 
Hydroxyapati te  accumul ati on  was  measured  by  Osteol  mage  M  i  neral  i zati on  Assay  K i t.  L i  nes  correspond 
to  400  pm.  Bars  represent  the  means  ±  SD  of  N=3for  (A)  and  N=12for  (B-C).  *p  <  0.05  vs.  vehicle- 
treated  control  cellsand  #p  <  0.05  vs.  dexamethasone-treated  control  cells,  by  one-way  ANOVA. 


In  order  to  elucidate  the  mechanism  of  salubrinal’ s  action  on  bone-resorbing  osteoclasts,  we 
conducted  RNA  silencing  using  siRNA  specific  to  Racl  (Ras-related  C3  botulinum  toxin 
substrate  1)  (Fig.  9).  When  Racl  was  partially  silenced,  RANKL  (receptor  activator  of  nuclear 
factor  kappa  B  ligand)-induced  stimulation  of  TRAP  (tartrate  resistant  acid  phosphatase)  and 
cathepsin  K  was  partially  suppressed.  However,  RANKL-induced  stimulation  of  NFATcl 
(master  transcription  factor  for  osteoclast  development)  was  unchanged.  Based  on  the  result 
from  this  experiment,  we  proposed  the  mechanism  of  salubrinal’s  action  (Fig.  9C). 
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Figure  9.  Effects  of  Racl  siRNA  on  expression  of  NFATcl,  TRAP  and  cathepsin  K  in  RAW264.7 
cells.  (A)  Partial  silencing  of  Racl  protein  level  by  Racl  siRNA,  and  protein  expression  of  NFATcl, 
TRAP,  and  cathepsin  K.  NC  =  treatment  with  non-specific  control  siRNA.  (B)  Relative  mRNA  levels 
of  NFATcl,  TRAP,  and  cathepsin  K  in  response  to  Racl  siRNA.  TRAP  and  cathepsin  K  expressions 
are  reduced  by  Racl  siRNA,  but  NFATcl  expression  remains  unchanged.  (C)  Proposed  mechanism  of 
salubrinal’s  action  in  bone  remodeling. 


Regulation  of  micro  RNA  by  salubrinal  (Appendix  9) 

In  response  to  RANKL  treatment  of  RAW264.7  pre-osteoclasts  for  2  days,  expression  levels  of 
-20  miRNAs  (micro  RNAs)  were  significantly  altered  in  the  microarray-based  assay  (Fig.  10). 

In  particular,  the  heat  map  of  the  selected  miRNAs  (signal  value  >  500  and  p  <  0.05)  shows  that 
miRNAs  such  as  miR-221-3p  and  miR-222-3p  were  downregulated  by  RANKL,  while  miRNAs 
such  as  miR-125b-5p  and  miR-182-5p  were  upregulated  (Fig.  10A).  Principal  component 
analysis  (PCA),  a  statistical  technique  for  finding  representative  axes  in  multidimensional  data, 
was  used  to  examine  6  miRNA  samples  (C1-C3,  and  R1-R3)  to  reveal  that  three  RANKL-treated 
samples  had  a  larger  value  in  the  second  principal  axis  than  three  control  samples  (Fig.  10B). 
Among  17  miRNAs  in  Fig.  10A  that  significantly  altered  their  expression  levels  by  RANKL  with 
high  signal  values  (max  signal  >  500),  two  miRNAs  (miR-221-3p  and  miR-222-3p)  were 
positioned  with  the  smallest  second  principal  component  values  (Fig.  10C). 

To  evaluate  the  role  of  c-Src  (proto  oncogene  tyrosine  protein  kinase  Src)  in  RANKL-driven 
osteoclastogenesis,  we  employed  siRNA  specific  to  c-Src  and  determined  the  protein  levels  of 
NFATcl,  TRAP,  and  cathepsin  K.  The  significant  reduction  in  the  mRNA  and  protein  levels  of 
c-Src  was  confirmed.  The  result  with  c-Src  siRNA  showed  that  the  protein  level  of  NFATcl  was 
not  significantly  altered.  However,  in  response  to  RANKL  treatment,  the  protein  levels  of  TRAP 
and  cathepsin  K  were  significantly  reduced  by  c-Src  siRNA.  Of  note,  the  expression  of  miR- 
221-3p  or  miR-222-3p  was  not  significantly  affected  by  c-Src  siRNA  treatment.  TRAP  staining 
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revealed  that  the  number  of  multi-nucleated  osteoclasts  was  significantly  reduced  in  the  presence 
of  c-Src  siRNA  (Fig.  11A&B).  Furthermore,  an  osteoclast  activity  assay  showed  that  the  number 
of  pits,  formed  by  active  osteoclasts,  was  lowered  by  c-Src  siRNA  treatment  (Fig.  11C&D). 
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Figure  10.  Microarray-based  miRNA  expression 
analysis.  Cells  were  stimulated  with  20  ng/ml 
RANKL  for  2  days.  (A)  Heat  map  of  the  selected 
miRNAs  (signal  values  <  500  and p  <  0.05)  in 
response  to  RANKL.  The  green  and  red  colors 
indicate  downregulation  and  upregulation, 
respectively.  Of  note,  Cl,  C2,  and  C3  are  control 
samples,  and  Rl,  R2,  and  R3  are  RANKL-treated 
samples.  (B)  PC  A  for  6  samples  (C1-C3,  and  Rl- 
R3)  in  the  first  and  second  principal  plane.  (C) 
PCA  for  miRNAs  in  the  first  and  second  principal 
plane.  Two  miRNAs  (221-3p  and  222-3)  are 
positioned  with  the  smallest  values  along  the 
second  principal  axis. 


Figure  11.  TRAP  staining  and  osteoclast  activity 
in  the  presence  of  c-Src  siRNA.  NC  =  non¬ 
specific  control  siRNA.  (A  &  B)  Number  of 
multi-nucleated  cells  and  TRAP  staining  in  the 
presence  and  absence  of  50  ng/ml  RANKL  for  4 
days.  (C  &  D)  Number  of  pits  and  their  images  in 
the  presence  and  absence  of  50  ng/ml  RANKL  for 
5  days. 


Task  #4  -  Evaluate  the  efficacy  of  salubrinal  on  bone  fracture  healing. 

Seventy-two  C57BL/6  female  mice  (14  weeks,  body  weight  -20  g;  Harlan  Sprague- 
Dawley  Inc.)  were  used  in  the  study.  All  procedures  performed  in  this  study  were  approved  by 
the  Indiana  University  Animal  Care  and  Use  Committee  and  were  in  compliance  with  the 
Guiding  Principles  in  the  Care  and  Use  of  Animals  endorsed  by  the  American  Physiological 
Society.  Five  mice  were  housed  together  in  a  cage.  Animals  were  fed  with  standard  laboratory 
chow  and  water  ad  libitum ,  and  they  were  allowed  to  acclimate  for  1  week  before 
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experimentation.  Mice  were  allowed  full  unrestricted  cage  activity,  and  they  were  weighed 
weekly.  We  employed  visual  inspection  of  food  and  water  consumption,  any  signs  of 
inflammation  or  infection,  and  walking  patterns.  Mice  were  divided  into  6  groups,  in  which 
group  1  was  treated  as  normal  control  (no  induction  of  tibia  fracture).  Groups  2  and  3  were  used 
for  testing  hydrogel-based  administration  of  placebo  and  salubrinal  (experiment  1),  while  groups 
4-6  for  examining  subcutaneous  injection  of  placebo,  BMP2  and  salubrinal  (experiment  2). 
Experiments  1  and  2  were  conducted  separately  using  different  batches  of  animals.  Prior  to  the 
induction  of  closed  fracture  in  the  right  tibia,  mice  were  anesthetized  using  1.5%  isoflurane.  To 
mice  in  groups  2-5,  a  stainless  steel  wire  (30-gauge  needle)  was  inserted  into  the  intramedullary 
cavity  of  the  right  tibia  through  its  proximal  end  (Fig.  12).  The  wire  extending  beyond  the  tibia 
condyles  was  cut,  and  the  patella  was  properly  repositioned.  A  closed  diaphyseal  fracture  was 
then  induced  in  the  right  distal  tibia  using  a  custom  made  3-point  bending  device  with  a 
consistent  force  (Fig.  12A  &  B).  Radiographic  images  were  taken  (Faxitron,  Tucson,  AZ)  on 
day  0,  as  well  as  weeks  1,  2,  3  and  4  after  fracture  induction  (Fig.  12C  &  D). 


Figure  12.  Tibia  fracture  study.  (A)  Custom-made  3-point  bending  device  for  inducing  closed  tibia 
fracture.  (B)  Four-point  bending  setup  for  mechanical  testing.  (C  &  D)  X-ray  images  of  the  fractured 
tibiae.  Of  note,  a  stainless  steel  rod  was  inserted  in  the  medullary  cavity  of  the  tibia. 


Subtask  4a:  Evaluate  the  efficacy  of  salubrinal  using  s.c.  administration  (Appendix  11) 
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In  experiment  2  with  daily  subcutaneous  injection  of  vehicle  (group  4),  BMP2  (bone 
morphogenetic  protein  2)  (group  5),  and  salubrinal  (group  6),  the  fracture  score  was  determined 
for  weeks  0  to  4  using  longitudinal  X-ray  images  (Fig.  13A  &  B).  Images  collected  by  PIXImus 
densitometer  were  used  for  determining  BMD  and  BMC  (Fig.  13C  &  D).  The  image  analysis 
revealed  that  no  statistical  difference  was  detected  among  three  groups  for  the  fracture  score, 
BMD,  and  BMC.  Mechanical  test  using  4-point  bending  revealed  that  ultimate  force  and 
stiffness  were  significantly  elevated  in  group  5  (subcutaneous  BMP2),  but  no  statistical 
difference  was  detected  between  group  4  (subcutaneous  control)  and  group  6  (subcutaneous 
salubrinal).  Between  experiments  1  and  2,  no  direct  comparison  of  the  mechanical  testing  results 
is  possible  since  two  experiments  were  conducted  independently  using  different  batches  of 
animals. 
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Figure  13.  Administration  of  BMP2  and  salubrinal  as  subcutaneous  injection  near  the  fracture  site  in 
experiment  2.  (A)  X-ray  images  of  the  fractured  tibiae  for  the  subcutaneous  control  (group  4), 
subcutaneous  BMP2  (group  5),  and  subcutaneous  salubrinal  (group  6)  in  weeks  0,  1,2,  3,  and  4.  (B) 
Fracture  score  in  weeks  0  -  4  for  the  subcutaneous  control,  BMP2,  and  salubrinal  groups.  (C  &  D) 
BMD  and  BMC  of  the  fractured  tibia,  respectively.  (E)  Ultimate  force  of  the  subcutaneous  control, 
BMP2,  and  salubrinal  samples.  (F)  Stiffness  of  the  subcutaneous  control,  BMP2,  and  salubrinal 
samples. 


Subtask  4b:  Evaluate  the  efficacy  of  salubrinal  using  local  administration  (Appendix  111 
In  experiment  1  with  hydrogel-based  administration  of  salubrinal,  X-ray  images  in  weeks  1,  2,  3, 
and  4,  as  well  as  micro  CT  (computed  tomography)  images  of  the  representative  tibia  samples 
after  harvest  in  week  4  were  captured  (Fig.  14A  -  D).  Although  X-ray  images  in  week  4 
indicated  a  complete  bridge  of  the  fracture  site  with  calcified  tissue,  the  sagittal  sections  of  micro 
CT  images  revealed  discontinuous  cortical  bone  at  the  fracture  site.  The  BMD  and  BMC 
measurement  of  the  entire  tibia  in  week  4  did  not  show  any  significant  changes  in  the  hydrogel 
placebo  (group  2)  and  salubrinal  (group  3)  samples.  The  same  measurement  in  the  restricted 
callus  region  in  week  4  presented  a  tendency  of  increase  in  the  salubrinal  treated  group,  but  the 
difference  was  not  statistically  significant  (p  =  0.2  for  BMD,  and p  =  0.09  for  BMC)  (Fig.  14E  & 
F). 
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The  fracture  score,  which  indicated  the  degree  of  discontinuity  in  the  cortical  bone  at  the  fracture 
site,  decreased  in  groups  2  and  3  (Fig.  15A).  No  statistical  difference  was  observed  during  the  4- 
week  healing  period  between  the  two  groups  except  for  week  2. 

The  force-displacement  relationship  for  3  groups  showed  a  distinctively  different  profile  in 
response  to  a  sinusoidal  load  (0.5  Newton  force,  peak-to-peak)  at  0.5,  1,  and  2  Hz  (Fig.  15).  The 
ascending  and  descending  loads  exhibited  the  same  pattern,  in  which  the  intact  control  (group  1) 
was  the  stiffest  and  the  hydrogel  placebo  (group  3)  was  the  softest  with  the  hydrogel  salubrinal 
(group  2)  in  between.  The  ultimate  force  was  1 1.64  ±  5.48  N  (hydrogel  placebo,  n  =  12)  and 
16.99  ±  5.41  N  (hydrogel  salubrinal,  n  =  12)  with p  =  0.03,  while  stiffness  was  81.55  ±  23.58 
N/mm  (hydrogel  placebo,  n  =  12)  and  106.73  ±  32.81  N/mm  (hydrogel  salubrinal,  n  =  12)  with  p 
=  0.05. 


A  3.5 


Weeks  after  fracture 


B  CD 


Figure  14.  Fracture  score  and  force-displacement 
relationship  for  experiment  1 .  (A)  Fracture  score  in 
weeks  0  -  4  for  the  hydrogel  control  and  hydrogel 
salubrinal  groups.  Of  note,  fracture  score  =  “0”  (no 
obvious  fracture),  “1”  (minor  fracture),  “2” 
(moderate  fracture),  and  “3”  (severe  fracture).  (B  - 
D)  Force-displacement  relationship  for  groups  1-3  in 
response  to  an  increasing  sinusoidal  force  (0.5  N, 
peak-to-peak)  at  0.5,  1,  and  2  Hz,  respectively.  (E  - 
G)  Force-displacement  relationship  for  groups  1-3  in 
response  to  a  decreasing  sinusoidal  force  (0.5  N, 
peak-to-peak)  at  0.5,  1,  and  2  Hz,  respectively. 
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Figure  15.  Mechanical  strength  4  weeks  after 
fracture  induction  for  experiment  1.  (A)  Force- 
displacement  relationship  for  the  hydrogel  control 
group  in  response  to  a  linearly  increasing 
displacement.  The  cross  indicates  the  site  of 
ultimate  force.  (B)  Force-displacement  relationship 
for  the  hydrogel  salubrinal  group.  (C)  Ultimate 
force  of  the  hydrogel  control  and  hydrogel 
salubrinal  groups.  (D)  Stiffness  of  the  hydrogel 
control  and  hydrogel  salubrinal  groups. 
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Opportunities  for  Training  and  Professional  Development:  The  research  team  included  three 
graduate  students,  as  well  as  four  postdoctoral  fellows  (See  the  section  7:  PARTICIPANTS  & 
OTHER  COLLABORATING  ORGANIZATIONS). 

Results  Disseminated  to  Communities:  The  research  project  was  highlighted  in  Kelley  School  of 
Business  at  Indiana  University  as  a  case  study  for  medical  marketing.  This  class  activity  was 
introduced  in  a  local  newspaper,  The  Indianapolis  Star,  as  an  article,  “IU  course  brings  dose  of 
real  world  to  the  lab,”  on  March  12,  2010. 

Plan  to  Do  during  the  Next  Reporting  Period:  N/A 


4.  IMPACT 

Impact  on  Principal  Disciplines 

•  A  pilot  grant  from  Indiana  CTSI  (Clinical  and  translational  Sciences  Institute)  Research 
Intervention  and  Scientific  Commercialization  (Title:  Novel  pharmacological  treatment  of 
osteogenesis  imperfecta,  $25,000,  07/01/14  -  06/30/15)  was  funded  for  the  application  of 
salubrinal  and  guanabenz  in  treatment  of  brittle  bone  diseases. 

Impact  on  Other  Disciplines 

•  A  clinical  trial  for  strengthening  bone  with  guanabenz  for  patients  with  bone  metastasis 
from  breast  cancer  is  being  conducted  at  Indiana  University  Hospital  in  2015  (PI,  Kathy 
Miller,  MD). 

Impact  on  Technology  Transfer 

•  A  U.S.  patent  (Method  for  treatment  of  bone  diseases  and  fractures;  13/055,399)  was  issued  in 
June  2015. 

•  An  international  patent  application  (compositions  and  methods  for  treating  bone  diseases, 
PCT/US20 14/02 1682)  was  filed  on  March  7,  2014. 

Impact  on  Society 

•  A  small  company,  Ossa  Biomedical  LLC,  was  founded  in  2013  by  J.R.  Renbarger  (CEO) 
and  Alex  Brethauer  (CTO)  for  developing  a  commercialization  plan  for  salubrinal  and 
guanabenz. 


5.  CHANGES/PROBLEMS 

Changes  in  Approach 

Three  changes  were  implemented  in  the  second  year.  Lirst,  to  evaluate  efficacy  of  salubrinal  for 
treatment  of  osteoporosis,  the  research  team  modified  the  animal  model.  In  the  original 
procedure,  mice  in  a  normal  physiological  condition  were  proposed  to  be  employed.  In  the 
amended  procedure,  ovariectomized  mice  that  mimicked  postmenopausal  osteoporosis  were 
added.  This  amendment  allowed  the  research  team  to  evaluate  the  effects  of  salubrinal  on  bone 
remodeling  in  normal  and  osteoporotic  background. 
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Second,  usage  of  cell  lines  for  osteoblasts  and  osteoclasts  was  included  in  the  original  project, 
but  use  of  primary  cells  was  not  included.  To  confirm  the  results  obtained  with  cell  lines,  the 
research  team  added  use  of  primary  bone  marrow  derived  cells. 

Third,  guanabenz  (synthetic  small  molecule;  23 1  Da)  was  included  as  an  additional  control  agent. 
Guanabenz  upregulates  the  phosphorylation  level  of  eIF2a. 

Actual  Problems 

None. 

Changes  and  Impact  on  Expenditures 

None. 

Significant  Changes  in  Animals 

To  achieve  three  major  changes  in  the  animal  procedure,  the  amendment  for  the  procedure  in  the 
animal  study  was  submitted  to  Indiana  University  IACUC  and  approved.  After  the  approval  by 
Indiana  University  IACUC,  the  amendment  request  was  submitted  to  ACURO  and  approved 
during  the  project. 


6.  PRODUCTS 

Publications 

1.  Hamamura  K,  Chen  A,  Tanjung  N,  Takigawa  S,  Sudo  A,  Yokota  H.  (2015).  In  vitro  and 
in  silico  analysis  of  an  inhibitory  mechanism  of  osteoclastogenesis  by  salubrinal  and 
guanabenz.  Cellular  signaling  27:353-362. 

2.  Hamamura,  K.,  Tanjung,  N.,  Yokota,  H.  (2013).  Suppression  of  osteoclastogenesis 
through  phosphorylation  of  eukaryotic  translation  initiation  factor  2  alpha.  J.  Bone  Miner. 
Metab.  31:618-628. 

3.  Hamamura  K,  Chen  A,  Uto  Y,  Yokota  H  (2015).  Potential  therapeutic  applications  of 
salubrinal  for  skeletal  diseases  and  beyond.  J.  Nature  Sci  l:el51. 

4.  Chen  AB,  Hamamura  K,  Tanjung  N,  Yokota  H  (2014).  Principal  component  analysis  of 
the  regulation  of  osteoclastogenesis  by  salubrinal  and  guanabenz.  2014  Annual  Meeting 
of  Biomedical  Engineering  Society,  October  22-25,  2014,  San  Antonio,  TX. 

5.  Zhang  P,  Chen  A,  Dodge  T,  Tanjung  N,  Zheng  Y,  Fuqua  C,  Yokota  H.  Salubrinal 
regulates  bone  remodeling  and  fat  metabolism  in  ovariectomized  mice.  Abstract  to  the 
2013  annual  meeting  of  Orthopedic  Research  Society. 

6.  Yokota,  H.,  Hamamura,  K.,  Chen,  A.,  Dodge,  T.R.,  Tanjung,  N.,  Abedinpoor,  A.,  Zhang, 
P.  (2013).  Effects  of  salubrinal  on  development  of  osteoclasts  and  osteoblasts  from  bone 
marrow-derived  cells.  BMC  Musculoskeletal  Disorders  14: 197. 

7.  Sato  A,  Plotkin  LI,  Bellido  T.  Prevention  of  glucocorticoid  induced- apoptosis  of 
osteoblasts  and  osteocytes  by  protecting  against  endoplasmic  reticulum  (ER)  stress.  The 
35th  Annual  Meeting  of  the  American  Society  for  Bone  and  Mineral  Research. 
Minneapolis,  MN,  USA.  Journal  of  Bone  and  Mineral  Research  28  (Supl.  1):S403  201. 
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8.  Sato  AY,  Tu  X,  McAndrews  KA,  Plotkin  LI,  Bellido  T  (2015).  Prevention  of 
glucocorticoid  induced  apoptosis  of  osteoblasts  and  osteocytes  by  protecting  against 
endoplasmic  reticulum  stress  in  vitro  and  in  vivo  in  female  mice.  Bone  73:60-68. 

9.  Takigawa  S,  Chen  A,  Wan  Q,  Na  S,  Sudo  A,  Yokota  H,  Hamamura  K.  Role  of  miR-222- 
3p  in  c-Src-mediated  regulation  of  osteoclastogenesis.  Inti.  J.  Molecular  Sci.  (accepted). 

Websites:  N/A 

Inventions.  Patent  Applications,  and  Licenses 

A  small  business  company,  Ossa  Biomedical  LLC,  was  established  with  the  objective  of 
commercializing  salubrinal  and  guanabenz-linked  IP.  Through  Indiana  University  Research  and 
Technology  Cooperation,  two  key  personnel  (J.R.  Renbarger  and  Alexander  Brethauer)  were 
recruited.  Renbarger  serves  as  President  and  CEO  and  he  is  responsible  for  business  strategy  and 
financial  support  for  Ossa  Biomedical.  Alexander  Brethauer  serves  as  CTO  and  he  is  responsible 
for  product  development,  regulatory  strategy,  and  IP  strategy. 


7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 

Individuals  on  the  Project: 


Name 

Hiroki  Yokota,  PhD 

Project  Role 

PI 

Nearest  person  month  worked 

15  months 

Contribution 

organize  the  project  and  disseminate  the  results 

Other  Funding  Support 

NIH 

Name 

Teresita  Bellido,  PhD 

Project  Role 

co-I 

Nearest  person  month  worked 

14  months 

Contribution 

design  experiments  and  interpret  data 

Other  Funding  Support 

NIH 

Name 

Jeffrey  Anglen,  MD 

Project  Role 

Co-I 

Nearest  person  month  worked 

2  months 

Contribution 

interpret  data  and  provide  advice  from  a  clinical  side 

Other  Funding  Support 

DOD 

Name 

Munro  Peacock,  MD 

Project  Role 

co-I 

Nearest  person  month  worked 

2  months 

Contribution 

interpret  data  and  provide  advice  from  a  clinical  side 

Other  Funding  Support 

NIH 
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Name 

Ping  Zhang,  MD 

Project  Role 

collaborator 

Nearest  person  month  worked 

22  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

NIH 

Name 

Kazunori  Hamamura,  DDS/PhD 

Project  Role 

collaborator 

Nearest  person  month  worked 

6  months 

Contribution 

design  and  conduct  in  vitro  experiments 

Other  Funding  Support 

NIH 

Name 

Xiaolin  Tu,  PhD 

Project  Role 

collaborator 

Nearest  person  month  worked 

13  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

NIH 

Name 

Gaurav  Swamkar,  PhD 

Project  Role 

Postdoctoral  Fellow 

Nearest  person  month  worked 

8  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

NIH 

Name 

Jeffrey  Benson 

Project  Role 

Technician 

Nearest  person  month  worked 

2  months 

Contribution 

assist  animal  experiments  and  data  interpretation 

Other  Funding  Support 

None 

Name 

Simon  Shim,  PhD 

Project  Role 

Postdoctoral  Fellow 

Nearest  person  month  worked 

1 1  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

NIH 

Name 

Liming  Zhao,  MD 

Project  Role 

Research  Associate 

Nearest  person  month  worked 

3  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

NIH 
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Name 

Akinobu  Nishimura,  MD/PhD 

Project  Role 

Research  Assistant 

Nearest  person  month  worked 

10  months 

Contribution 

conduct  in  vitro  experiments 

Other  Funding  Support 

None 

Name 

Andy  Chen 

Project  Role 

Graduate  Student 

Nearest  person  month  worked 

6  months 

Contribution 

assist  animal  experiments 

Other  Funding  Support 

None 

Name 

Jialing  Li,  PhD 

Project  Role 

Faculty 

Nearest  person  month  worked 

1  month 

Contribution 

assist  animal  experiments 

Other  Funding  Support 

None 

Name 

Chien-Chi  Lin,  PhD 

Project  Role 

Faculty 

Nearest  person  month  worked 

1  month 

Contribution 

assist  animal  experiments 

Other  Funding  Support 

NIH,  NSF 

Name 

Shinya  Takigawa,  MD 

Project  Role 

Research  Associate 

Nearest  person  month  worked 

8  months 

Contribution 

conduct  in  vitro  experiments 

Other  Funding  Support 

ISDH 

Name 

Nancy  Tanjung 

Project  Role 

Graduate  Student 

Nearest  person  month  worked 

1 1  months 

Contribution 

assist  in  vitro  experiments 

Other  Funding  Support 

None 

Name 

Wenxiao  Xu,  MD 

Project  Role 

Research  Assistant 

Nearest  person  month  worked 

10  months 

Contribution 

design  and  conduct  animal  experiments 

Other  Funding  Support 

None 
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Name 

Aysan  Abedinpoor 

Project  Role 

Graduate  Student 

Nearest  person  month  worked 

3  months 

Contribution 

assist  in  vitro  experiments 

Other  Funding  Support 

None 

Other  Organizations:  N/A 


8.  SPECIAL  REPORTING  REQUIREMENTS 

Collaborative  Awards:  N/A 


Quad  Charts:  N/A 
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Inactivating  bone-resorbing  osteoclasts  is  a  prime  therapeutic  strategy  for  the  prevention  of  bone  loss  in  patients 
with  osteopenia  and  osteoporosis.  Synthetic  agents  such  as  salubrinal  and  guanabenz,  which  attenuate  stress  to 
the  endoplasmic  reticulum,  are  reported  to  inhibit  development  of  osteoclasts.  However,  the  mechanism  of  their 
inhibitory  action  on  osteoclasts  is  largely  unknown.  Using  genome-wide  expression  profiles,  we  predicted  key 
transcription  factors  that  downregulated  nuclear  factor  of  activated  T-cells,  cytoplasmic  1  (NFATcl),  a  master 
transcription  factor  for  osteoclastogenesis.  Principal  component  analysis  (PCA)  predicted  a  list  of  transcription 
factors  that  were  potentially  responsible  for  reversing  receptor  activator  of  nuclear  factor  kappa-B  ligand 
(RANKL) -driven  stimulation  of  osteoclastogenesis.  A  partial  silencing  of  NFATcl  allowed  a  selection  of  transcrip¬ 
tion  factors  that  were  likely  to  be  located  upstream  of  NFATcl .  We  validated  the  predicted  transcription  factors  by 
focusing  on  two  AP-1  transcription  factors  (c-Fos  and  JunB)  using  RAW264.7  pre-osteoclasts  as  well  as  primary 
bone  marrow  cells.  As  predicted,  their  mRNA  and  protein  levels  were  elevated  by  RANKL,  and  the  elevation  was 
suppressed  by  salubrinal  and  guanabenz.  A  partial  silencing  of  c-Fos  or  JunB  by  RNA  interference  decreased 
NFATcl  as  well  as  tartrate-resistant  acid  phosphatase  (TRAP)  mRNA.  Collectively,  a  systems-biology  approach  al¬ 
lows  the  prediction  of  a  RANKL-salubrinal/guanabenz -NFATcl  regulatory  axis,  and  in  vitro  assays  validate  an  in¬ 
volvement  of  AP-1  transcription  factors  in  suppression  of  osteoclastogenesis. 

©  2014  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

The  inhibition  of  de-phosphorylation  of  eukaryotic  translation  initi¬ 
ation  factor  2  alpha  (eIF2a)  stimulates  bone  formation  by  osteoblasts 
[1-3]  and  suppresses  bone  resorption  by  osteoclasts  [1,2,4].  This  dual 
role  of  eIF2a  signaling  in  bone  remodeling  presents  a  unique  advantage 
for  developing  treatment  of  bone  diseases  such  as  osteoporosis,  since 
few  existing  drugs  are  able  to  not  only  elevate  bone  formation  but 
also  prevent  bone  resorption  [1,2].  It  is  reported  that  the  stimulation 
of  bone  formation  through  eIF2a  signaling  is  caused  by  translational 
activation  of  activating  transcription  factor  4  (ATF4)  [1].  However,  the 
regulatory  mechanism  for  eIF2a-driven  suppression  of  bone  resorption 
has  not  been  clarified. 

Salubrinal  and  guanabenz  are  potent  chemical  agents  for  the  inhibi¬ 
tion  of  protein  phosphatase  1  (PP1 )  that  specifically  de-phosphorylate 
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eIF2a  [5,6].  Through  upregulating  the  phosphorylated  level  of  eIF2a 
and  reducing  translational  efficiency  of  most  proteins  except  for  a  limit¬ 
ed  set  of  proteins,  such  ATF4,  these  agents  attenuate  stress  to 
the  endoplasmic  reticulum  [5,6].  Gene  regulation  by  salubrinal  and 
guanabenz,  however,  not  only  takes  place  at  the  level  of  translation 
but  also  at  the  level  of  transcription  [2].  In  osteoclasts,  it  has  been 
shown  that  administration  of  salubrinal  and  guanabenz  suppresses 
receptor  activator  of  nuclear  factor  kappa-B  ligand  (RANKL)-driven  ac¬ 
tivation  of  nuclear  factor  of  activated  T-cells,  cytoplasmic  1  (NFATcl ) 
[1,2],  which  is  a  master  transcription  factor  of  osteoclastogenesis  [7]. 

Using  genome-wide  microarray  expression  analysis,  the  prime  aim 
of  this  study  was  to  determine  an  inhibitory  mechanism  of  NFATcl  tran¬ 
scription  by  salubrinal  and  guanabenz.  In  order  to  predict  potential 
transcription  factors  that  downregulate  RANKL-driven  activation  of 
NFATcl,  we  employed  principal  component  analysis  (PCA)  [8].  PCA 
allowed  us  to  evaluate  the  inhibitory  effects  of  salubrinal  and  guanabenz 
through  a  mathematical  procedure  called  singular  value  decomposition. 
When  a  principal  component  axis  derived  from  singular  value  decom¬ 
position  is  aligned  along  a  RANKL-salubrinal/guanabenz-NFATcl 
regulatory  axis,  transcription  factors  that  predominantly  contribute  to 
the  suppression  of  osteoclastogenesis  could  emerge  along  a  principal 
component  axis.  We  predicted  and  validated  transcription  factors  that 
regulate  the  RANKL-salubrinal/guanabenz-NFATcl  axis. 


http://dx.doi.org/10.1016/j.cellsig.201 4.1 1.020 
0898-6568/©  2014  Elsevier  Inc.  All  rights  reserved. 
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Table  1 


Real-time  PCR  primers  used  in  this  study. 

Target 

Forward  primer 

Backward  primer 

Cathepsin  K 
NFATcl 

TRAP 

GAPDH 

5'-CAGCTrCCCCAAGATGTGAT-3' 

5'-GGTGCTGTCTGGCCATAACT-3' 

5'-TCCTGGCTCAAAAAGCAGTT-3' 

5'-TGCACCACCAACTGCnAG-3' 

5  '-AGCACCAACGAGAGGAGAAA-3 ' 

5 ' -GCGGAAAGGTGGTATCTCAA-3 ' 

5  '-ACATAGCCCACACCGTTCTC-3 ' 

5  '-GGATGCAGGGATGATGTTC-3 ' 

2.  Materials  and  methods 

2  A.  Cell  culture 

Mouse  bone  marrow  cells  isolated  from  long  bones  (femur  and  tibia) 
as  well  as  RAW264.7  mouse  pre-osteoclast  cells  were  cultured  in  aMEM 


containing  1 0%  fetal  bovine  serum  and  antibiotics  (50  units/ml  penicillin 
and  50  jug/ml  streptomycin;  Life  Technologies,  Grand  Island,  NY,  USA) 
[9].  Cells  were  maintained  at  37  °C  and  5%  C02  in  a  humidified  incubator. 

2.2.  Osteoclastogenesis  and  TRAP  ( tartrate-resistant  acid  phosphatase) 
staining 

Bone  marrow  cells  were  plated  at  1.2  x  105  and  1.0  x  106  cells  into 
12-well  or  60  mm  dishes,  respectively,  and  cultured  with  10  ng/ml  M- 
CSF  (macrophage  colony-stimulating  factor;  PeproTech,  Rocky  Hills, 
NC,  USA)  for  3  days.  The  surface-attached  cells  were  used  as  osteoclast 
precursors.  These  precursors  were  cultured  with  10  ng/ml  M-CSF 
and  50  ng/ml  RANKL  (PeproTech).  RAW264.7  cells  were  plated  at 
1.0  x  105  cells  into  a  60  mm  dish  and  cultured  with  20  or  50  ng/ml 
RANKL  in  the  presence  and  absence  of  salubrinal  or  guanabenz  (R&D 
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Fig.  1.  Inhibitory  effects  of  salubrinal  and  guanabenz  on  development  of  osteoclasts.  (A)  Dose-dependent  suppression  of  TRAP-positive  multinucleated  osteoclasts  by  salubrinal  and 
guanabenz  in  bone  marrow  cells.  Note  that  the  double  asterisk  indicates  p  <  0.01.  (B)  Salubrinal  and  guanabenz-driven  inhibition  of  NFATcl  on  day  2  in  bone  marrow  cells. 
(C)  Elevation  of  p-eIF2a  and  reduction  of  NFATcl  by  salubrinal  and  guanabenz  on  day  1  in  RAW264.7  cells.  (D)  Salubrinal-  and  guanabenz-induced  reduction  of  mRNA  expression  levels 
of  NFATcl,  TRAP,  and  cathepsin  I<  on  days  1  in  bone  marrow  cells. 
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Systems,  Minneapolis,  MN,  USA).  After  2-day  treatment  with  RANKL, 
cells  were  treated  for  TRAP  staining  using  an  acid  phosphatase  leuko¬ 
cyte  kit  (Sigma).  The  number  of  TRAP-positive  cells  containing  three 
or  more  nuclei  was  determined. 

2.3.  Microarray  analysis 

Two  sets  of  microarray  experiments  were  conducted  using 
RAW264.7  cells.  In  the  first  set,  we  employed  4  groups  (3  samples 
per  group;  Illumina  MouseWG-6  v2.0):  CN  (control),  RL  (20  ng/ml 
RANKL),  Sal  (20  pM  salubrinal  with  20  ng/ml  RANKL),  and  Gu  (20  pM 
guanabenz  with  20  ng/ml  RANKL).  Cells  were  harvested  4  h  after  incu¬ 
bation  with  the  above  agents.  In  the  second  set,  cells  were  treated  with 
siRNA  (nonspecific  control  or  specific  to  NFATcl)  in  the  presence  and 
absence  of  50  ng/ml  RANKL.  The  four  groups  (3  samples  per  group; 
Affymetrix  Mouse  Gene  2.0  ST  arrays)  were:  CNnc  (nonspecific  control 
siRNA),  RLnc  (nonspecific  siRNA  with  RANKL),  CNNFATci  (NFATcl 
siRNA),  and  RLNFATci  (NFATcl  siRNA  with  RANKL).  Cells  were  har¬ 
vested  12  h  after  incubation  with  siRNA  and/or  RANKL. 

2.4.  Principal  component  analysis  (PCA) 

Microarray  expression  data  was  normalized  using  a  Robust 
Multiarray  Average  procedure.  The  genes  in  the  first  microarray  exper¬ 
iment  with  salubrinal  and  guanabenz  were  mapped  to  unique  Entrez 
gene  IDs  using  annotation  data  of  probe  quality  [10],  while  the  genes 
in  the  second  microarray  experiment  with  NFATcl  siRNA  were  mapped 
using  a  custom  Chip  Definition  File  [11].  The  two  microarray  datasets 
were  then  consolidated  by  common  Entrez  gene  IDs.  After  per-gene 
scaling  of  the  expression  data,  principal  component  analysis  (PCA) 


was  performed  on  the  salubrinal/guanabenz  microarray  by  applying 
singular  value  decomposition  to  generate  3  matrices:  an  eigenarray  ma¬ 
trix,  a  diagonal  matrix  of  eigenvalues,  and  an  eigengene  matrix  [8].  This 
decomposition  defines  12  principal  component  axes  on  which  each 
gene  can  be  mapped.  The  samples  were  plotted  in  the  plane  of  the 
first  two  principal  axes.  The  eigenarray  values  for  each  gene  in  the  prin¬ 
cipal  component  axes  were  also  generated.  PCA  was  also  performed  on 
a  subset  of  the  microarray  data  that  corresponds  with  genes  identified 
as  transcription  factors  [12]. 

The  NFATcl  siRNA  microarray  data  was  used  to  identify  candidate 
genes  upstream  of  NFATcl.  A  linear  model  was  applied  to  the  data  to 
identify  the  relative  effects  of  NFATcl  siRNA,  RANKL  treatment,  and 
their  interaction.  This  generated  a  set  of  false  discovery  rate  (FDR)  q 
values.  Candidate  activator  genes  (transcription  factors)  were  those 
that  were  upregulated  by  RANKL  ( q  <  0.05)  with  fold  change  >  2,  did 
not  present  significant  siRNA-RANKL  interaction  (q  >  0.05),  and  showed 
siRNA  +  RANKL  group's  gene  expression  greater  than  the  RANKL 
group's  gene  expression.  Similarly,  candidate  inhibitor  genes  were 
those  that  were  downregulated  by  RANKL  (q  <  0.05)  with  fold  change  < 
—  2,  did  not  induce  significant  siRNA-RANKL  interaction  (q  >  0.05),  and 
exhibited  siRNA  +  RANKL  group's  expression  less  than  RANKL  gene  ex¬ 
pression.  From  the  above  candidate  genes,  10  most  positive  and  negative 
regulators  (candidate  activator  and  inhibitor  genes)  were  chosen  along 
the  first  principal  component  axis. 

2.5.  Quantitative  real-time  PCR 

Total  RNA  was  extracted  using  an  RNeasy  Plus  mini  kit  (Qiagen, 
Germantown,  MD,  USA).  Reverse  transcription  was  conducted  with 
high  capacity  cDNA  reverse  transcription  kits  (Applied  Biosystems, 
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Fig.  2.  Suppression  of  RANKL-driven  osteoclast-linked  genes  by  NFATcl  siRNA  in  RAW264.7  cells.  (A)  Partial  silencing  of  NFATcl  in  the  presence  of  RANKL.  (B)  Partial  silencing  of  NFATcl  in 
the  presence  and  absence  of  RANKL.  (C)  Levels  of  NFATcl,  TRAP,  and  cathepsin  K  mRNAs  in  response  to  non-specific  control  (NC)  and  NFATcl  siRNAs.  The  single  and  double  asterisks 
indicate  p  <  0.05  and  p  <  0.01,  respectively. 
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Carlsbad,  CA,  USA),  and  quantitative  real-time  PCR  was  performed  using 
ABI  7500  with  Power  SYBR  green  PCR  master  mix  kits  (Applied 
Biosystems).  We  evaluated  mRNA  levels  of  cathepsin  K,  NFATcl  (nucle¬ 
ar  factor  of  activated  T-cells,  cytoplasmic  1),  and  TRAP  with  the  PCR 
primers  listed  in  Table  1.  GAPDH  was  used  for  internal  control. 


2.6.  Western  blot  analysis 


MA,  USA).  The  membrane  was  incubated  with  primary  antibodies 
followed  by  incubation  with  goat  anti-rabbit  or  anti-mouse  IgG  conju¬ 
gated  with  horseradish  peroxidase  (Cell  Signaling,  Danvers,  MA,  USA). 
We  used  antibodies  against  c-Fos  (Santa  Cruz),  eIF2a  (Cell  Signaling), 
p-eIF2a  (Thermo  Scientific,  Waltham,  MA,  USA),  JunB  (Cell  Signaling), 
NFATcl  (Santa  Cruz),  and  |3>-actin  (Sigma).  Protein  levels  were  assayed 
using  a  SuperSignal  west  femto  maximum  sensitivity  substrate 
(Thermo  Scientific). 


Cells  were  lysed  in  a  radioimmunoprecipitation  assay  (RIPA) 
buffer  containing  protease  inhibitors  (Santa  Cruz  Biotechnology,  2.7.  Knockdown  of  c-Fos  and  JunB  by  siRNA 
Santa  Cruz,  CA,  USA)  and  phosphatase  inhibitors  (Calbiochem,  Billerica, 

MA,  USA).  Isolated  proteins  were  fractionated  using  10%  SDS  gels  and  RAW264.7  were  treated  with  siRNA  specific  to  c-Fos  (5'-CUA  CUU 

electro-transferred  to  Immobilon-P  membranes  (Millipore,  Billerica,  ACA  CGU  CUU  CCU  U-3';  Life  Technologies),  JunB  (5'-GCA  UCA  AAG 
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Fig.  3.  PCA  of  the  saiubrinai/guanabenz  microarray.  (A)  Eigenvalues  for  the  full  list  of  genes.  (B  &  C)  Four  groups  for  the  full  list  of  genes,  plotted  in  the  plane  of  the  first- three  (PC1-PC3)  and 
first-two  (PCI,  PC2)  principal  component  axes,  respectively.  (D)  Eigenvalues  for  transcription  factors.  (D  &  E)  Four  groups  for  transcription  factors,  plotted  in  the  plane  of  the  first-three 
(PC1-PC3)  and  first-two  (PCI,  PC2)  principal  component  axes,  respectively. 
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UGG  AGC  GAA  A-3';  Life  Technologies),  or  a  nonspecific  control  (NC) 
(5'-UGU  ACU  GCU  UAC  GAU  UCG  G-3',  Life  Technologies).  Cells  were 
transiently  transfected  with  siRNA  in  Opti-MEM  I  medium  with  Lipofec- 
tamine  RNAiMAX  (Life  Technologies).  The  efficiency  of  silencing 
was  assessed  with  immunoblotting  or  quantitative  PCR  48  h  after 
transfection. 

2.8.  Statistical  analysis 

For  in  silico  analysis,  a  linear  model  of  differential  expression  was 
applied  using  the  limma  package  [13]  in  R  (version  3.1.1 ),  and  Student's 
t- test  with  empirical  Bayesian  adjustment  with  Benjamini-Hochberg 
False  Discovery  Rate  (FDR)  correction  was  used  to  calculate  FDR  q 
values  of  significance  for  each  interaction.  For  in  vitro  assays,  three 
or  four  independent  experiments  were  conducted,  and  data  were 
expressed  as  mean  ±  S.D.  For  comparison  among  multiple  samples, 


statistical  significance  was  evaluated  using  Student's  t- test  at  p  <  0.05. 
The  single  and  double  asterisks  indicate  p  <  0.05  and  p  <  0.01,  respec¬ 
tively.  To  determine  intensities  in  immunoblotting,  images  were 
scanned  with  Adobe  Photoshop  CS2  (Adobe  Systems,  San  Jose,  CA, 
USA)  and  quantified  using  Image  J. 

3.  Results 

3.1.  Inhibitory  effects  of  salubrinal  and  guanabenz  on  osteoclastogenesis 

In  response  to  RANKL-induced  development  of  bone  marrow  cells, 
salubrinal  and  guanabenz  suppressed  osteoclastogenesis  in  a  dose- 
dependent  manner.  The  number  of  TRAP-positive  multinucleated 
osteoclasts  and  the  level  of  NFATcl  protein  were  significantly  reduced 
by  salubrinal  and  guanabenz  (Fig.  1A  &  B).  The  decrease  in  NFATcl 
was  associated  with  an  increase  in  the  level  of  eIF2a  phosphorylation 
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Fig.  4.  Candidate  stimulatory  and  inhibitory  transcription  factors  for  osteoclastogenesis.  (A)  Transcription  factors  plotted  on  the  plane  of  the  first  two  principal  component  axes.  The  10 
most  stimulatory  and  inhibitory  candidate  transcription  factors  are  highlighted  based  on  the  NFATcl-siRNA  microarray  data.  (B)  Candidate  activators  of  NFATcl  in  response  to  salubrinal 
and  guanabenz.  (C)  Candidate  inhibitors  of  NFATcl  in  response  to  salubrinal  and  guanabenz. 
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(Fig.  1C).  Consistent  with  the  suppression  of  NFATcl,  the  mRNA  levels  of 
TRAP  and  cathepsin  K  were  also  reduced  (Fig.  ID).  In  RAW264.7  pre¬ 
osteoclast  cells,  partial  silencing  of  NFATcl  reduced  the  mRNA  levels 
of  NFATcl,  TRAP,  and  cathepsin  K  compared  to  treatment  with  non¬ 
specific  control  (NC)  siRNA  (Fig.  2). 


3.2.  Principal  component  analysis  of  salubrinal/guanabenz  microarray 

Using  PCA  on  the  first  set  of  microarray  data  (salubrinal  and 
guanabenz),  we  generated  12  eigenvalues  for  12  samples  in  4  groups 
and  evaluated  eigengene  vectors  as  well  as  eigenarray  vectors.  In 
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Fig.  5.  Saiubrinai-  and  guanabenz-driven  reduction  in  c-Fos.  The  single  and  double  asterisks  indicate  p  <  0.05  and  p  <  0.01,  respectively.  (A&B)  Protein  levels  of  c-Fos  and  NFATcl  in  the 
presence  of  salubrinal  in  RAW264.7  cells  (2, 4, 8,  and  24  h)  and  bone  marrow  cells  (2, 5, 10,  and  24  h),  respectively.  (C&D)  Protein  levels  of  c-Fos  and  NFATcl  in  the  presence  of  guanabenz 
in  RAW264.7  cells  (2, 4,  8,  and  24  h)  and  bone  marrow  cells  (2,  5, 10,  and  24  h),  respectively. 


IC  Hamamura  etal.  /  Cellular  Signalling  27  (2015)  353-362 


359 


comparison  of  the  relative  variance  of  each  principal  component,  the 
first  principal  component  was  significantly  larger  than  the  other  1 1 
components,  although  the  2nd  to  1 1th  axes  showed  strong  components 
(Fig.  3A).  Using  the  eigengene  vectors,  4  groups  were  clustered  in  the 
first-three  (PCI,  PC2,  and  PC3,  solid  bars  in  Fig.  3A)  and  first-two 
(PCI  and  PC2)  component  axes,  respectively  (Fig.  3B  &  C).  Along  the 
first  principal  component  axis  (PCI),  4  groups  were  lined  up  in  the 
order  of  CN,  Sal/Gu,  and  RL,  indicating  that  PCI  is  aligned  to  the 
RANKL-driven  stimulation  of  osteoclastogenesis.  PCA  was  also  per¬ 
formed  on  a  subset  of  the  first  set  of  microarray  data  containing 
only  transcription  factors  (Fig.  3D-F).  Consistent  with  the  results  in 
Fig.  3A-C,  the  first  principal  component  axis  (PCI)  corresponded  with 
the  phenotypic  trend  of  osteoclastogenesis.  The  RANKL  samples  were 
more  positive,  while  the  samples  treated  with  salubrinal  and  guanabenz 
moved  back  in  the  direction  of  the  control  groups. 

Using  the  eigenarray  vectors,  transcription  factors  were  located 
on  the  first- two  (PCI  and  PC2)  component  axes  (Fig.  4A).  The  color 
coded  transcription  factors  were  identified  based  on  the  second  set  of 
microarray  experiment  as  top  10  potential  activators  (Fig.  4B)  or  inhib¬ 
itors  (Fig.  4C).  The  mRNA  expression  levels  of  these  transcription  factors 
were  not  significantly  altered  by  treatment  with  NFATcl  siRNA.  Among 
the  potential  activators  responsive  to  salubrinal  and  guanabenz  were 
NFkBI,  as  well  as  Jdp2,  c-Fos  and  JunB,  which  belong  to  AP-1  family 
genes.  The  potential  inhibitors  included  Xbpl,  which  is  inducible  in 
response  to  stress  to  the  endoplasmic  reticulum  [14].  Flereafter,  we 


focused  on  the  examination  of  the  predicted  role  of  c-Fos  and  JunB  in 
RANKL-driven  osteoclastogenesis. 

3.3.  Salubrinal-  and  guanabenz-driven  reduction  in  c-Fos  and  JunB 

The  protein  levels  of  c-Fos  and  NFATcl  were  downregulated  by 
salubrinal  both  in  RAW264.7  cells  and  bone  marrow  cells  (Fig.  5A 
&  B).  The  downregulation  of  c-Fos  and  NFATcl  proteins  was  also 
detected  in  response  to  guanabenz  (Fig.  5C  &  D).  Furthermore,  the 
level  of  JunB  protein  was  significantly  reduced  by  salubrinal  and 
guanabenz  in  RAW264.7  cells  and  bone  marrow  cells  (Fig.  6). 

3.4.  Suppression  of  RANKL-driven  TRAP  and  cathepsin  I<  by  c-Fos  siRNA  and 
JunB  siRNA 

In  RAW264.7  cells,  partial  silencing  of  c-Fos  suppressed  RANKL- 
driven  elevation  of  NFATcl,  TRAP,  and  cathepsin  K  mRNAs  (Fig.  7). 
Compared  to  treatment  with  nonspecific  control  siRNA,  partial  silencing 
of  JunB  using  siRNA  specific  to  JunB  also  significantly  reduced  the  mRNA 
levels  of  NFATcl  and  TRAP  (Fig.  8). 

3.5.  Potential  feedback  link  between  NFATcl  and  c-Fos 

Partial  silencing  of  NFATcl  for  12  h  in  RAW264.7  cells  does  not 
significantly  alter  the  protein  levels  of  c-Fos  and  JunB  (Fig.  9A).  After 
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24  h,  however,  the  level  of  c-Fos  protein  was  detectable  (Fig.  9B). 
However,  the  level  of  JunB  protein  was  not  affected  by  NFATcl  siRNA 
for  24  h  (Fig.  9B). 

4.  Discussion 

We  present  in  this  study  that  salubrinal  and  guanabenz,  two  chem¬ 
ical  agents  that  suppress  stress  to  the  endoplasmic  reticulum,  signifi¬ 
cantly  modulate  mRNA  expression  levels  of  various  transcription 
factors.  PCA  analysis  revealed  that  PCI,  the  first  principal  component, 
best  explains  the  expression  profiles  of  the  effects  of  salubrinal  and 
guanabenz  on  osteoclastogenesis.  Along  PCI,  control  samples  are  most 
negative  and  RANKL- treated  samples  are  most  positive.  Consistent 
with  the  phenotypic  observations  with  TRAP  staining,  the  groups  treat¬ 
ed  with  salubrinal  and  guanabenz  lay  between  the  control  and  RANKL 
groups.  Using  eigenarray  values,  we  chose  candidate  transcription 
factors  that  are  responsive  to  these  agents  and  significantly  alter  the 
expression  of  NFATcl.  The  involvement  of  c-Fos  and  JunB  was  predicted 
by  PCA  in  RAW264.7  cells,  confirmed  by  PCR  and  Western  blotting  in 
RAW264.7  as  well  as  primary  bone  marrow  cells,  and  validated  using 
RNA  interference. 

Of  the  candidate  regulators  predicted  by  PCA,  we  focused  on  two  AP- 
1  proteins,  c-Fos  and  JunB,  and  validated  their  roles  in  the  suppression 
of  RANKL-driven  osteoclastogenesis  in  response  to  salubrinal  and 
guanabenz.  Both  proteins  responded  in  cell  line  cultures  (RAW264.7) 


and  primary  bone  marrow  cells.  A  partial  silencing  of  c-Fos  and  JunB  de¬ 
creased  the  mRNA  and  protein  levels  of  NFATcl.  Furthermore,  there 
was  a  feedback  loop  in  which  a  decrease  in  c-Fos  by  salubrinal  reduced 
NFATcl  expression,  and  the  reduction  in  NFATcl  further  attenuated  the 
level  of  c-Fos  protein.  AP-1  proteins  are  known  to  play  a  critical  role  in 
osteoclast  differentiation.  It  is  reported  that  mice  lacking  c-Fos  are 
osteopetrotic  due  to  abnormal  development  of  osteoclasts  [15-17]. 
Osteoclast  abnormality  was  also  observed  in  mice  lacking  JunB  [18].  To¬ 
gether  with  a  pivotal  role  of  Jdp2  in  the  dimerization  of  AP-1  proteins, 
these  studies  are  consistent  with  our  results  in  which  partial  knock¬ 
down  of  c-Fos  and  JunB  attenuates  the  expression  of  osteoclast-linked 
genes. 

Besides  AP-1  proteins,  PCA  predicted  other  transcription  factors  that 
are  potentially  involved  in  regulating  osteoclastogenesis  in  response  to 
salubrinal  and  guanabenz.  NFkBI  (p50)  was  predicted  to  be  an  activator 
whose  expression  was  downregulated  by  these  agents.  This  prediction 
is  consistent  with  a  report  in  which  overexpression  of  each  of  p50, 
p65,  p52,  and  RelB  proteins  in  an  NFkB  family  accelerates  osteoclast 
development  [19].  As  a  transcription  factor  associated  with  stress  to 
the  endoplasmic  reticulum  [14],  Xbpl  was  predicted  to  be  inhibitory 
to  osteoclastogenesis.  It  is  reported,  however,  that  Xbpl  stimulates  pro¬ 
duction  of  RANKL  in  osteoblasts  [20].  The  prediction  in  this  study  is 
based  on  genome-wide  expression  data  in  RAW264.7  pre-osteoclasts, 
and  it  is  possible  that  the  predicted  transcription  factors  may  have  dif¬ 
ferent  roles  in  other  types  of  cells  and  different  time  points. 
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Though  PCI  is  the  principal  component  axis  that  most  closely 
aligns  with  the  observed  phenotype  among  the  samples,  the  other 
principal  components  also  had  significant  contributions  to  eigen¬ 
values.  The  PC2  values  for  the  samples  in  the  control  and  RANKL 
groups  were  negative,  while  they  were  positive  for  the  samples  in 
the  salubrinal/guanabenz-treated  groups.  In  PC3,  however,  the 
salubrinal  and  guanabenz  samples  were  on  opposite  sides  of  PC3  axis. 
This  observation  may  relate  to  differential  effects  of  salubrinal  and 
guanabenz,  which  are  not  associated  with  osteoclastogenesis.  For  exam¬ 
ple,  guanabenz  is  reported  to  be  an  agonist  of  the  adrenergic  receptor 
alpha  2,  but  salubrinal  is  not  [21  ]. 

In  this  study  we  predicted  candidate  mediators  of  salubrinal  and 
guanabenz  in  the  regulation  of  osteoclastogenesis;  however,  there  are 
limitations  that  should  be  carefully  considered.  First,  we  used 
RAW264.7  pre-osteoclasts  and  bone  marrow  cells  at  specific  time  points 
(4  h  and  12  h  post- treatment).  These  two  time  points  were  chosen  to 
help  identify  genes  that  were  upstream  mediators  (at  4  h)  and  co¬ 
modulators  (at  12  h)  of  NFATcl.  However,  some  of  the  predicted 
genes  may  not  continue  their  regulatory  role  at  later  time  points  such 
as  24  h  and  48  h.  Also,  interactions  with  other  types  of  cells  such  as  os¬ 
teoblasts  might  alter  the  overall  role  of  any  transcription  factor.  Second, 
we  validated  a  hypothesis  that  was  novel  in  terms  of  the  responses  to 
salubrinal  and  guanabenz  but  known  in  terms  of  their  role  in  osteoclas¬ 
togenesis.  The  described  systems-biology  approach  can  be  extended  to 


identify  genes  whose  involvement  in  the  regulation  of  osteoclastogene¬ 
sis  has  yet  to  be  shown. 

Because  of  their  dual  roles  in  bone  formation  and  bone  resorption, 
salubrinal  and  guanabenz  can  potentially  add  a  new  dimension  to 
treatment  of  patients  with  osteopenia  and  osteoporosis  [1,2,4].  The 
mechanism  of  their  action,  particularly  eIF2a-mediated  translational 
regulation,  has  been  well  documented  [1].  However,  a  mechanism  of 
transcriptional  regulation  in  NFATcl -driven  osteoclastogenesis  has 
been  elusive.  Using  genome-wide  mRNA  expression  with  PCA  followed 
by  in  vitro  assays  with  specific  RNA  silencing,  we  herein  demonstrated 
that  salubrinal  and  guanabenz  alter  the  expression  pattern  of  a  wide 
spectrum  of  genes  that  are  not  necessarily  linked  to  stress  to  the  endo¬ 
plasmic  reticulum.  Besides  the  involvement  of  c-Fos  and  JunB  in  the 
RANKL-salubrinal/guanabenz-NFATcl  regulatory  axis,  novel  targets  of 
salubrinal  and  guanabenz  may  be  identified  by  additional  validation  as¬ 
says  and  contribute  to  our  basic  understanding  of  osteoclastogenesis 
and  the  development  of  therapeutic  agents  for  bone  diseases. 
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Abstract  In  response  to  various  stresses  including  viral 
infection,  nutrient  deprivation,  and  stress  to  the  endoplas¬ 
mic  reticulum,  eukaryotic  translation  initiation  factor  2 
alpha  (eIF2a)  is  phosphorylated  to  cope  with  stress  induced 
apoptosis.  Although  bone  cells  are  sensitive  to  environ¬ 
mental  stresses  that  alter  the  phosphorylation  level  of 
eIF2a,  little  is  known  about  the  role  of  eIF2a  mediated 
signaling  during  the  development  of  bone-resorbing 
osteoclasts.  Using  two  chemical  agents  (salubrinal  and 
guanabenz)  that  selectively  inhibit  de-phosphorylation  of 
eIF2a,  we  evaluated  the  effects  of  phosphorylation  of 
eIF2a  on  osteoclastogenesis  of  RAW264.7  pre-osteoclasts 
as  well  as  development  of  MC3T3  El  osteoblast-like  cells. 
The  result  showed  that  salubrinal  and  guanabenz  stimu¬ 
lated  matrix  deposition  of  osteoblasts  through  upregulation 
of  activating  transcription  factor  4  (ATF4).  The  result  also 
revealed  that  these  agents  reduced  expression  of  the 
nuclear  factor  of  activated  T  cells  cl  (NFATcl)  and 
inhibited  differentiation  of  RAW264.7  cells  to  multi- 
nucleated  osteoclasts.  Partial  silencing  of  eIF2oc  with  RNA 
interference  reduced  suppression  of  salubrinal/guanabenz- 
driven  downregulation  of  NFATcl.  Collectively,  we 
demonstrated  that  the  elevated  phosphorylation  level  of 
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eIF2a  not  only  stimulates  osteoblastogenesis  but  also 
inhibit  osteoclastogenesis  through  regulation  of  ATF4  and 
NFATcl.  The  results  suggest  that  eIF2a-mediated  signal¬ 
ing  might  provide  a  novel  therapeutic  target  for  preventing 
bone  loss  in  osteoporosis. 

Keywords  Osteoclasts  •  Salubrinal  •  Guanabenz  •  eIF2a  • 
NFATcl 


Introduction 

Osteoblasts  and  osteoclasts  are  the  two  major  types  of  bone 
cells  in  bone  remodeling.  Osteoblasts  are  bone-forming 
cells  originated  from  mesenchymal  stem  cells,  while 
osteoclasts  are  bone-resorbing  cells  derived  from  hemato¬ 
poietic  stem  cells.  These  two  types  of  cells  orchestrate  a 
complex  remodeling  process,  in  which  mineralized  bone 
matrix  is  degraded  by  osteoclasts  and  newly  formed  by 
osteoblasts  [1,  2].  In  order  to  maintain  proper  bone  mass, 
exercise  and  calcium  rich  diets  are  recommended.  How¬ 
ever,  a  failure  of  the  coordinated  action  such  as  in  osteo¬ 
porosis,  which  is  a  common  form  of  bone  loss  prevailing 
among  postmenopausal  women,  increases  risk  of  bone 
fracture  [3].  In  order  to  develop  therapeutic  drugs  for 
treatment  of  osteoporosis,  an  understanding  of  signaling 
pathways  that  govern  osteoclastogenesis — development  of 
pre-osteoclasts  (monocyte/macrophage)  to  multi-nucleated 
osteoclasts — is  required.  In  this  paper,  we  examined  a 
signaling  pathway  for  osteoclastogenesis  that  is  mediated 
by  eukaryotic  translation  initiation  factor  2  alpha  (eIF2a). 

A  protein  complex,  eIF2,  is  a  heterotrimer  essential  for 
protein  synthesis,  and  eIF2a  is  one  of  its  major  components 
together  with  eIF2p  and  eIF2y  [4].  In  response  to  various 
stresses  such  as  oxidation,  radiation,  and  stress  to  the 
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endoplasmic  reticulum  that  potentially  lead  to  cellular 
apoptosis,  a  serine  residue  of  eIF2a  is  phosphorylated.  This 
action  would  initiate  a  pro- survival  program  by  lowering 
general  translation  efficiency  except  for  a  group  of  genes 
that  includes  activating  transcription  factor  4  (ATF4)  [5]. 
The  ATF4  is  a  transcription  factor  critical  for  osteoblas- 
togenesis  and  bone  formation  [6].  In  osteoblasts  elevation 
of  phosphorylated  eIF2a  (p-eIF2a)  is  reported  to  stimulate 
the  expression  of  ATF4  [7,  8].  Little  is  known,  however, 
about  potential  effects  of  p-eIF2a  on  development  of 
osteoclasts. 

Herein  we  addressed  a  question:  Does  elevation  of 
p-eIF2oe  alter  cellular  fates  of  pre-osteoclasts?  Osteoblasts 
and  osteoclasts  extensively  interact  through  molecular 
pathways  including  RANK  (receptor  activator  of  nuclear 
factor  kappa-B)/RANKL  (RANK  ligand)/OPG  (osteopro- 
tegerin)  signaling  [9,  10]  and  Wnt  signaling  [11].  There¬ 
fore,  osteoclastogenesis  is  potentially  regulated  by 
signaling  molecules  that  also  affect  osteoblastogenesis. 
Furthermore,  osteoclastogenesis  is  influenced  by  various 
stresses  such  as  estrogen  deficiency  and  disuse  or  unload¬ 
ing  [12].  Since  elevation  of  p-eIF2a  can  provide  stress- 
relieving  effects  on  osteoblasts,  we  hypothesized  that  ele¬ 
vation  of  p-eIF2a  suppresses  differentiation  of  pre-osteo- 
clasts  to  multi-nucleated  osteoclasts. 

In  this  study,  we  employed  two  chemical  agents  (sa- 
lubrinal  and  guanabenz)  and  examined  the  effects  of  ele¬ 
vated  p-eIF2a  on  osteoclastogenesis.  These  two  agents 
selectively  inhibit  de-phosphorylation  of  p-eIF2a  by 
interacting  with  protein  phosphatase  1,  PP1  [13,  14].  The 
signaling  pathway,  mediated  by  eIF2oe,  is  not  directly 
linked  to  known  agents  for  osteoclastogenesis  such  as 
calcium  binding  agents  and  RANKL.  Currently,  the  most 
common  medications,  prescribed  for  preventing  bone  loss 
in  patients  with  osteoporosis,  are  bisphosphonates.  Bis- 
phosphonates  preferentially  bind  to  calcium  in  bone  and 
induce  apoptosis  of  osteoclasts  [15].  Other  medications 
using  neutralizing  antibodies  targeted  to  RANKL  would 
block  osteoclastogenesis  by  mimicking  OPG’s  binding  to 
RANKL  [16].  The  RANKL  is  a  cytokine  belonging  to  the 
tumor  necrosis  factor  family,  and  is  involved  in  T  cell- 
dependent  immune  responses  as  well  as  differentiation  and 
activation  of  osteoclasts  [9,  10].  To  our  knowledge,  no 
therapeutic  agents  for  osteoporosis  have  been  targeted  to 
eIF2a-mediated  signaling. 

We  employed  MC3T3  El  osteoblast-like  cells  [17]  and 
RAW264.7  cells  [18]  to  evaluate  osteoblastogenesis  and 
osteoclastogenesis,  respectively.  In  the  presence  and 
absence  of  salubrinal  and  guanabenz,  MC3T3  El  cells 
were  cultured  in  an  osteogenic  medium  for  evaluation  of 
matrix  deposition,  while  RAW264.7  cells  were  cultured  in 
an  osteoclast  differentiation  medium  for  evaluation  of 
multi-nucleation.  Alizarin  Red  S  staining  was  performed  to 


evaluate  osteoblast  mineralization  for  MC3T3  El  cells,  and 
TRAP  staining  was  conducted  to  determine  multi-nucle¬ 
ated  osteoclasts  proliferation  for  RAW264.7  cells.  To 
analyze  molecular  signaling  pathways,  quantitative  real¬ 
time  PCR  and  Western  blot  analysis  were  conducted.  The 
mRNA  levels  of  ATF4,  osteocalcin,  c-Fos  [19],  tartrate- 
resistant  acid  phosphatase  (TRAP)  [20],  and  osteoclast- 
associated  receptor  (OSCAR)  [21]  were  determined.  The 
protein  expression  levels  of  eIF2a,  ATF4,  and  nuclear 
factor  of  activated  T  cells  cl  (NFATcl)  [22]  were  also 
determined.  The  NFATcl  is  a  transcription  factor,  which  is 
critically  important  for  development  and  activation  of 
osteoclasts  in  response  to  RANKL.  The  RNA  interference 
using  siRNA  specific  to  ATF4  and  eIF2a  was  conducted  to 
evaluate  the  role  of  ATF4  in  osteoblastogenesis  and  eIF2a 
in  osteoclastogenesis. 

Materials  and  methods 

Cell  culture 

The  MC3T3  El  mouse  osteoblast-like  cells  (clone  14 — 
MC3T3  El- 14;  and  no  clonal  cells  in  supplementary  fig¬ 
ures),  and  RAW264.7  mouse  pre-osteoclast  (monocyte/ 
macrophage)  cells  were  cultured  in  aMEM  containing 
10  %  fetal  bovine  serum  and  antibiotics  (50  U/ml  peni¬ 
cillin,  and  50  pg/ml  streptomycin;  Life  Technologies, 
Grand  Island,  NY,  USA).  Cells  were  maintained  at  37  °C 
and  5  %  C02  in  a  humidified  incubator.  Cell  mortality  and 
live  cell  numbers  were  determined  24  h  after  the  treatment 
with  20  ng/ml  RANKL  (PeproTech,  Rocky  Hills,  NC, 
USA)  in  response  to  0.1-20  pM  salubrinal  or  1-20  pM 
guanabenz  acetate  (Tocris  Bioscience,  Ellisville,  MO, 
USA).  Cells  were  stained  with  trypan  blue  and  the  num¬ 
bers  of  live  and  dead  cells  were  counted  using  a 
hemacytometer. 

Quantitative  real-time  PCR 

Total  RNA  was  extracted  using  an  RNeasy  Plus  mini  kit 
(Qiagen,  Germantown,  MD,  USA).  Reverse  transcription 
was  conducted  with  high  capacity  cDNA  reverse  tran¬ 
scription  kits  (Applied  Biosystems,  Carlsbad,  CA,  USA), 
and  quantitative  real-time  PCR  was  performed  using  ABI 
7500  with  Power  SYBR  green  PCR  master  mix  kits 
(Applied  Biosystems).  We  evaluated  mRNA  levels  of 
ATF4,  Osteocalcin  (OCN),  NFATcl,  c-Fos,  tartrate- 
resistant  acid  phosphatase  (TRAP),  and  osteoclast- 
associated  receptor  (OSCAR)  with  the  PCR  primers  listed 
in  Table  1.  The  GAPDH  was  used  for  internal  control.  The 
relative  mRNA  abundance  for  the  selected  genes  with 
respect  to  the  level  of  GAPDH  mRNA  was  expressed  as  a 


Springer 


620 


J  Bone  Miner  Metab  (2013)  31:618-628 


Table  1  Real-time  PCR 
primers  used  in  this  study 


Target  Forward  primer 


Backward  primer 


ATF4 

OCN 

NFATcl 

c-Fos 

TRAP 

OSCAR 

GAPDH 


S'-TGGCGAGTGTAAGGAGCTAGAAA-J' 

S'-CCGGGAGCAGTGTGAGCTTA-J' 

5'  -GGTGCTGTCTGGCC  AT  AACT-  3' 

5'  -  AGGCCC  AGTGGCTC  AG  AGA-  3 ' 
S'-TCCTGGCTCAAAAAGCAGTTG' 
5'-ACACACACACCTGGCACCTA-3/ 
S'-TGCACCACCAACTGCTTAG-J' 


5' -TCTTCCCCCTTGCCTTACG-3' 

S'-AGGCGGTCTTCAAGCCATACTG' 

S'-GCGGAAAGGTGGTATCTCAA-J' 

S'-CCAGTCTGCTGCATAGAAGGAA-J' 

S'-ACATAGCCCACACCGTTCTC-T 

s'-gagaccatcaaaggcagagc-T 

S'-GGATGCAGGGATGATGTTC-J' 


ratio  of  Streated/^controb  where  treated  is  the  mRNA  level  for 
the  cells  treated  with  chemical  agents,  and  5controi  is  the 
mRNA  level  for  control  cells  [23]. 

Western  immunoblotting 

Cells  were  lysed  in  a  radioimmunoprecipitation  assay 
(RIPA)  buffer  containing  protease  inhibitors  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA,  USA)  and  phosphatase 
inhibitors  (Calbiochem,  Billerica,  MA,  USA).  Isolated 
proteins  were  fractionated  using  10-15  %  SDS  gels  and 
electro-transferred  to  Immobilon-P  membranes  (Millipore, 
Billerica,  MA,  USA).  The  membrane  was  incubated  for  1  h 
with  primary  antibodies  followed  by  45  min  incubation 
with  goat  anti-rabbit  or  anti-mouse  IgG  conjugated  with 
horseradish  peroxidase  (Cell  Signaling,  Danvers,  MA, 
USA).  We  used  antibodies  against  ATF4,  NFATcl  (Santa 
Cruz),  p-eIF2a  (Thermo  Scientific,  Waltham,  MA,  USA), 
eIF2a,  caspase  3,  cleaved  caspase  3,  p38  and  p-p38  mito¬ 
gen  activated  protein  kinase  (MAPK),  extracellular  signal- 
regulated  kinase  (ERK)  and  p-ERK,  nuclear  factor  kappa  B 
(NFkB)  p65  and  p-NFkB  p65  (Cell  Signaling),  and  (3-actin 
(Sigma).  Protein  levels  were  assayed  using  a  SuperSignal 
west  femto  maximum  sensitivity  substrate  (Thermo  Sci¬ 
entific),  and  signal  intensities  were  quantified  with  a 
luminescent  image  analyzer  (LAS-3000,  Fuji  Film,  Tokyo, 
Japan). 

Knockdown  of  ATF4  and  eIF2a  by  siRNA 

Cells  were  treated  with  siRNA  specific  to  ATF4  and  eIF2a 
(Life  Technologies).  Selected  target  sequences  for  knock¬ 
down  of  ATF4  and  eIF2oe  were:  ATF4,  5'-GCU  GCU  UAC 
AUU  ACU  CUA  A-3';  and  eIF2oc,  5'-CGG  UCA  AAA 
UUC  GAG  CAG  A-3'.  As  a  nonspecific  control,  a  negative 
siRNA  (Silencer  Select  #1,  Life  Technologies)  was  used. 
Cells  were  transiently  transfected  with  siRNA  for  ATF4, 
eIF2a  or  control  in  Opti-MEM  I  medium  with  Lipofect- 
amine  RNAiMAX  (Life  Technologies).  Six  hours  later,  the 
medium  was  replaced  by  regular  culture  medium.  The 


efficiency  of  silencing  was  assessed  with  immunoblotting 
or  quantitative  PCR  48  h  after  transfection. 

Mineralization  assay 

Mineralization  of  extracellular  matrix  was  assayed  by 
Alizarin  Red  S  staining.  The  MC3T3-E1  cells  were  plated  in 
6- well  plates.  When  cells  were  confluent,  50  pg/ml  of 
ascorbic  acid  (Wako  Chemicals,  Richmond,  VA,  USA)  and 
5  mM  (3-glycerophosphate  (Sigma)  were  added.  The  med¬ 
ium  was  changed  every  other  day,  and  staining  was  con¬ 
ducted  after  3  weeks.  Cells  were  washed  with  PBS  twice  and 
fixed  with  60  %  isopropanol  for  1  min  at  room  temperature, 
followed  by  rehydration  with  distilled  water  for  3  min  at 
room  temperature.  They  were  stained  with  1  %  Alizarin  red 
S  (Sigma)  for  3  min  and  washed  with  distilled  water. 

Osteoclastogenesis  in  vitro  and  TRAP  (Tartrate- 
resistant  acid  phosphatase)  staining 

The  RAW264.7  cells  were  plated  at  a  density  of  5  x  103/ 
cm2  into  a  12-well  or  a  60  mm  dish,  and  cultured  with 
20  ng/ml  RANKL  in  the  presence  and  absence  of  salubri- 
nal  or  guanabenz.  The  culture  medium  was  replaced  every 
2  days.  After  5  days  of  culture,  the  cells  were  stained  for 
TRAP  staining  using  an  acid  phosphatase  leukocyte  kit 
(Sigma).  The  number  of  TRAP-positive  cells  containing 
three  or  more  nuclei  was  determined. 

Statistical  analysis 

Three  or  four-independent  experiments  were  conducted  and 
data  were  expressed  as  mean  ±  SD.  For  comparison  among 
multiple  samples,  ANOVA  followed  by  post  hoc  tests  was 
conducted.  Statistical  significance  was  evaluated  at 
p  <  0.05.  The  single  and  double  asterisks  and  daggers 
indicate  p  <  0.05  and  p  <  0.01.  To  determine  intensities  in 
immunoblotting  and  areas  of  Alizarin  red  S  staining,  images 
were  scanned  with  Adobe  Photoshop  CS2  (Adobe  Systems, 
San  Jose,  CA,  USA)  and  quantified  using  Image  J. 
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Results 

Enhanced  mineralization  of  MC3T3  El- 14  cells 
by  salubrinal 

Prior  to  examining  the  effects  of  salubrinal  on  osteo- 
clastogenesis,  we  tested  its  effects  on  the  development  of 
osteoblasts  focusing  on  cell  viability,  phosphorylation  of 
eIF2a  (p-eIF2oc),  expression  of  ATF4  and  osteocalcin,  and 
matrix  mineralization.  Administration  of  5-20  pM  salubr¬ 
inal  to  MC3T3  El- 14  cells  did  not  increase  cell  mortality 
or  inhibit  cell  proliferation  (Fig.  la).  Unlike  application  of 
10  nM  thapsigargin,  which  is  a  stress  inducer  to  the 
endoplasmic  reticulum  that  elevates  p-eIF2a,  incubation 
with  10  pM  salubrinal  for  24  h  did  not  elevate  the 
expression  level  of  cleaved  caspase  3  (Fig.  lb).  After 
3 -week  incubation  in  an  osteogenic  medium,  Alizarin  red  S 
staining  area  showed  that  salubrinal  enhanced  mineraliza¬ 
tion  of  MC3T3  El -14  cells  in  a  dose  dependent  manner 
(Fig.  lc).  The  enhanced  mineralization  was  also  observed 
in  non-clonal  MC3T3  El  cells  (Supplementary  Fig.  SI). 

ATF4-mediated  elevation  of  osteocalcin  mRNA 
in  MC3T3  El-14  cells 


elevated  phosphorylation  of  eIF2a,  followed  by  an  increase 
in  ATF4  expression  (Fig.  2a).  Furthermore,  the  level  of 
osteocalcin  mRNA  was  increased  3.3  zb  0.5  fold  (24  h) 
and  3.3  d=  0.3  fold  (32  h)  (Fig.  2b).  When  expression  of 
ATF4  was  significantly  reduced  by  RNA  interference 
(Fig.  2c,  d),  however,  salubrinal-driven  elevation  of  the 
osteocalcin  mRNA  level  was  suppressed  (Fig.  2e).  Non- 
clonal  MC3T3  El  cells  also  presented  elevation  of  p-eIF2a 
and  ATF4,  together  with  an  increase  in  the  mRNA  levels  of 
ATF4  and  osteocalcin  (Supplementary  Fig.  S2).  In  addi¬ 
tion,  administration  of  guanabenz  to  MC3T3  El -14  ele¬ 
vated  the  mRNA  level  of  osteocalcin  in  a  dose  dependent 
manner,  consistent  with  an  increase  in  p-eIF2a  and  ATF4 
(Supplementary  Fig.  S3). 


a  _ control _ Sal _  control _ Sal 

1  2  4  8  1  2  4  8  h  24  32  24  32  h 


Salubrinal  is  an  inhibitor  of  de-phosphorylation  of  eIF2a. 
Administration  of  5  pM  salubrinal  to  MC3T3  El-14  cells 


Sal  (pM) 


Fig.  1  Osteogenic  effects  of  salubrinal  on  MC3T3  El  (clone  14) 
osteoblast  cells.  CN  control,  Sal  salubrinal,  and  Tg  thapsigargin.  The 
double  asterisk  indicates  p  <  0.01  in  comparison  to  CN.  a  Cell 
mortality  ratio  and  relative  cell  numbers,  b  No  activation  of  cleaved 
caspase  3  by  salubrinal.  c  Alizarin  red  S  staining  area  in  response  to  5, 
10,  and  20  pM  salubrinal 
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Fig.  2  Upregulation  of  p-eIF2a,  ATF4  and  osteocalcin  by  salubrinal 
in  MC3T3  El  (clone  14)  osteoblast  cells  in  response  to  5  pM 
salubrinal.  CN  control,  Sal  salubrinal,  and  NC  non-specific  control 
siRNA.  The  double  asterisk  indicates  p  <  0.01  in  comparison  to  CN 
or  NC.  The  double  dagger  indicates  with  p  <  0.01  in  comparison  to 
the  salubrinal-treated  NC  siRNA  cells,  a  Western  blot  analysis  of  p- 
eIF2a  and  ATF4.  b  Salubrinal  driven  elevation  of  osteocalcin  mRNA 
level,  c  ATF4  level  after  transfecting  siRNA  specific  to  ATF4. 
d  Relative  mRNA  levels  of  ATF4  in  response  to  RNA  interference 
with  ATF4  siRNA  and  non-specific  control  (NC)  siRNA.  e  Relative 
mRNA  levels  of  osteocalcin  (OCN).  The  asterisk  is  for  the 
comparison  to  the  control  with  NC  siRNA,  and  the  dagger  is  the 
comparison  between  the  samples  transfected  with  ATF4  siRNA 
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Inhibition  of  osteoclastogenesis  of  RAW264.7  cells 
by  salubrinal 

The  primary  aim  of  this  study  is  to  evaluate  the  effects  of 
salubrinal  on  osteoclastogenesis.  In  response  to  0.1-20  pM 
salubrinal  for  24  h,  we  examined  cell  mortality  and  live 
cell  numbers  of  RAW264.7  pre-osteoclasts.  Cell  mortality 
ratio  did  not  present  statistically  significant  differences  in 
the  presence  and  absence  of  RANKL  (Fig.  3a).  The  num¬ 
ber  of  live  cells  was  increased  by  ~  50  %  by  incubation 
with  RANKL,  and  administration  of  10-20  pM  salubrinal 
reduced  the  numbers  approximately  by  10  %  (Fig.  3b). 
Consistent  with  the  stimulatory  role  of  RANKL,  the 
number  of  TRAP-positive  multi-nucleated  cells  was  sub¬ 
stantially  increased  by  the  addition  of  RANKL.  However, 


administration  of  0.5-20  pM  salubrinal  reduced  the  num¬ 
ber  of  TRAP-positive  cells  in  a  dose  dependent  manner 
(Fig.  3c,  d). 

Downregulation  of  NFATcl  in  RAW264.7  cells 
by  salubrinal 

The  NFATcl  is  a  transcription  factor  critical  for  acti¬ 
vating  osteoclastogenesis.  Addition  of  RANKL  to  the 
culture  medium  significantly  induced  NFATcl  expression 
at  day  2  and  maintained  its  elevated  level  on  day  4 
(Fig.  4).  The  RANKL-induced  expression  of  NFATcl 
was  reduced  by  administration  of  5-20  pM  salubrinal  on 
both  days,  and  the  effect  of  salubrinal  was  dose  depen¬ 
dent  (Fig.  4). 


Fig.  3  Inhibitory  effects  of 
salubrinal  on  RAW264.7  pre¬ 
osteoclasts.  CN  control,  and  Sal 
salubrinal.  The  single  and 
double  asterisks  indicate 
p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively,  a  Cell 
mortality  ratio,  b  Relative  cell 
numbers,  c  Dose-dependent 
suppression  of  RANKL  driven 
activation  of  osteoclasts  by 
salubrinal.  d  Dose-dependent 
suppression  of  TRAP-positive 
multi-nucleated  cells  by 
salubrinal 
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Fig.  4  Reduction  of  RANKL-induced  NFATcl  expression  by  sa- 
lubrinal.  Sal  salubrinal.  The  relative  intensity  of  NFATcl  to  (3-actin  is 
shown,  a  Expression  of  NFATcl  (2  days  after  RANKL  administra¬ 
tion).  b  Expression  of  NFATcl  (4  days  after  RANKL  administration) 


level  for  the  cells  that  were  not  treated  with  RANKL 
without  administration  of  guanabenz. 

Inhibitory  effects  of  guanabenz  on  osteoclastogenesis 
of  RAW264.7  cells 

To  further  examine  a  potential  involvement  of  p-eIF2a  in 
regulation  of  osteoclastogenesis,  we  employed  guanabenz 
that  also  acts  as  an  inhibitor  of  de-phosphorylation  of 
eIF2a.  Administration  of  1  and  5  pM  guanabenz  did  not 
alter  cell  mortality  and  the  number  of  live  cells,  although 
its  administration  at  10  and  20  pM  reduced  the  number  of 
live  cells  in  24  h  (Fig.  7a,  b).  Consistent  with  salubrinal’ s 
inhibitory  action,  guanabenz  also  attenuated  osteoclasto¬ 
genesis  of  RAW264.7  cells  in  a  dose  dependent  manner 
(Fig.  7c,  d).  Compared  to  the  number  of  TRAP-positive 
multi-nucleated  cells  of  377  ±  39  (RANKL  only),  guana¬ 
benz  reduced  the  number  of  differentiated  osteoclasts  to 
364  ±  38  (1  pM),  288  ±  51  (5  pM),  189  ±  25  (10  pM), 
and  73  ±  16  (20  pM). 


Partial  suppression  of  mRNA  levels  of  NFATcl,  c-Fos, 
TRAP,  and  OSCAR  by  salubrinal 

Addition  of  RANKL  increased  the  mRNA  levels  of 
NFATcl,  c-Fos,  TRAP,  and  OSCAR,  and  administration  of 
20  pM  salubrinal  significantly  reduced  their  mRNA  levels. 
On  day  2,  for  instance,  the  RANKL-driven  increase  was 
9.4  ±  0.5  fold  (NFATcl),  1.9  ±  0.1  fold  (c-fos), 
165  ±  4.2  fold  (TRAP),  and  467  ±  22  fold  (OSCAR).  The 
reduction  by  20  pM  salubrinal  was  46  %  (NFATcl),  32  % 
(c-fos),  35  %  (TRAP),  and  21  %  (OSCAR)  (Fig.  5a). 
Consistent  with  the  observed  dose  response,  administration 
of  salubrinal  at  0.1-1  pM  did  not  contribute  to  significant 
reduction  in  these  mRNA  levels  except  for  NFATcl  and 
c-fos  on  day  4  (Fig.  5b). 

Temporal  profile  of  p-eIF2a  and  NFATcl 

The  temporal  expression  profile  revealed  that  addition  of 
RANKL  transiently  reduced  the  phosphorylation  level  of 
eIF2oe  (2-8  h)  and  elevated  NFATcl  by  13.4  ±  3.2  fold 
(24  h)  (Fig.  6).  This  induction  of  NFATcl  was  partially 
suppressed  by  salubrinal  with  an  increase  in  the  level  of 
p-eIF2a.  In  the  early  period  (2-4  h),  administration  of 
20  pM  salubrinal  increased  the  level  of  p-eIF2a  but  did  not 
alter  the  level  of  NFATcl.  In  the  later  period  (8-24  h), 
however,  the  level  of  NFATcl  was  significantly  reduced  by 
48  %  (8  h)  and  44  %  (24  h).  Administration  of  20  pM 
salubrinal  did  not  significantly  alter  the  phosphorylation 
level  of  ERK,  p38  MAPK,  and  NFkB  (Fig.  6).  Note  that 
the  normalized  level  of  “1”  in  Fig.  6c  was  defined  as  the 


Reduction  of  RANKL-induced  NFATcl,  c-Fos,  TRAP, 
and  OSCAR  by  guanabenz 

The  induction  of  NFATcl  by  RANKL  was  suppressed  by 
guanabenz  in  a  dose  dependent  manner  (Fig.  8a).  The 
mRNA  levels  of  NFATcl,  c-Fos,  TRAP,  and  OSCAR  were 
also  reduced  by  administration  of  20  pM  guanabenz. 
Lower  concentrations  of  guanabenz,  5  and  10  pM,  were 
effective  in  reducing  the  levels  of  TRAP  and  OSCAR 
mRNA  (Fig.  8b).  The  temporal  expression  profile  of 
p-eIF2a  and  NFATcl  in  response  to  20  pM  guanabenz 
revealed  that  p-eIF2a  was  upregulated  in  2  h  and  NFATcl 
was  partially  suppressed  in  8  h  (Fig.  9).  The  normalized 
level  of  44 1  ”  was  defined  as  the  level  for  the  cells  that  were 
not  treated  with  RANKL  without  administration  of 
guanabenz.  In  the  absence  of  RANKL  administration, 
however,  either  salubrinal  or  guanabenz  did  not  signifi¬ 
cantly  alter  cell  mortality  and  expression  of  NFATcl  and 
TRAP  (Supplementary  Fig.  S4). 

Reduction  in  salubrinal/guanabenz-driven  suppression 
of  NFATcl  expression  by  RNA  interference  for  eIF2a 

To  evaluate  the  effects  of  eIF2a  on  the  expression  level  of 
NFATcl,  we  employed  RNA  interference  specific  for 
eIF2a  together  with  a  non-specific  control  (NC)  (Fig.  10). 
In  response  to  20  pM  salubrinal,  RAW264.7  cells  trans¬ 
fected  with  the  control  siRNA  demonstrated  a  reduction  of 
NFATcl  by  56  %.  However,  the  expression  of  NFATcl 
was  reduced  only  by  20  %  in  the  cells  transfected  with 
eIF2a  siRNA.  Furthermore,  20  pM  guanabenz  decreased 
the  level  of  NFATcl  by  43  %  in  the  cells  transfected  with 
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Fig.  5  Effects  of  salubrinal  on 
mRNA  expression  levels  of 
NFATcl,  c-Fos,  TRAP,  and 
OSCAR.  CN  control.  The  single 
and  double  asterisks  indicate 
significant  decreases  with 
p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively.  The 
single  and  double  daggers 
indicate  significant  increases 
with  p  <  0.05  and  p  <  0.01  in 
comparison  to  the  RANKL- 
treated  cells,  respectively, 
a  Messenger  RNA  levels 
(2  days  after  RANKL 
administration),  b  Messenger 
RNA  levels  (4  days  after 
RANKL  administration) 


the  control  siRNA  but  the  transfection  of  eIF2a  siRNA 
abolished  the  suppressive  effect  of  guanabenz.  The  phos¬ 
phorylation  level  of  NFkB  was  not  significantly  altered  by 
transfection  with  eIF2oc  siRNA. 


Discussion 

In  this  study  we  demonstrate  that  differentiation  of 
RAW264.7  pre-osteoclasts  to  multi-nucleated  osteoclasts  is 
inhibited  by  administration  of  salubrinal  and  guanabenz, 
which  block  de-phosphorylation  of  eIF2a  and  elevate  the 
level  of  p-eIF2a.  The  growth  area  covered  by  multi- 
nucleated  cells  is  significantly  reduced  by  salubrinal  and 


guanabenz  in  a  dose  dependent  manner.  Partially  silencing 
eIF2a  using  RNA  interference  significantly  suppressed 
salubrinal/guanabenz-driven  reduction  of  NFATcl 
expression.  Together  with  the  stimulated  development  of 
MC3T3  El  osteoblasts  by  an  increase  in  ATF4  expression, 
the  results  herein  suggest  that  eIF2a  mediated  signaling 
may  play  a  physiological  role  in  osteoclastogenesis  and 
osteoblastogenesis. 

Both  salubrinal  and  guanabenz  interact  with  PP1  and 
inhibit  its  activity  of  de-phosphorylating  p-eIF2oe.  Guana¬ 
benz  is  reported  to  bind  to  PP1R15A  subunit  [14],  while 
the  exact  binding  site  of  salubrinal  is  not  known.  Guana¬ 
benz  is  also  known  as  an  oc2- adrenergic  receptor  agonist 
and  used  to  treat  hypertension  [24].  The  observed 
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Fig.  6  Temporal  expression  profile  of  p-ERK,  p-p38  MAPK, 
P-NFkB,  p-eIF2a  and  NFATcl  in  the  presence  and  absence  of 
20  pM  salubrinal.  a  Western  blot  analysis  of  p-ERK,  p-p38  MAPK, 
P-NFkB,  and  p-eIF2a  at  15,  30,  60  and  120  min.  b  Western  blot 
analysis  of  eIF2a-p  and  NFATcl.  c  Comparison  of  the  expression 
level  of  eIF2a-p  and  NFATcl  with  and  without  20  pM  salubrinal. 
The  normalized  level  of  “  1  ”  was  defined  as  the  level  for  the  cells  that 
were  not  treated  with  RANKE  without  administration  of  salubrinal 


stimulation  of  osteoblastogenesis  as  well  as  attenuation  of 
osteoclastogenesis  by  both  agents  strongly  indicates  that 
eIF2a-mediated  signaling  is  central  to  regulation  of  ATF4 
and  NFATcl.  This  result  is  also  supported  by  the  salubri- 
nal-driven  alterations  in  the  mRNA  levels  of  osteocalcin 
and  TRAP,  which  are  representative  in  development  of 
osteoblasts  and  osteoclasts,  respectively.  Osteocalcin  is 
synthesized  solely  by  osteoblasts  for  matrix  mineralization 
and  calcium  homeostasis  [25],  while  TRAP  is  highly 
expressed  in  osteoclasts  and  its  overexpression  has  been 
observed  to  cause  bone  loss  in  transgenic  mice  [26]. 


Gu  5  Gu  1 0  Gu  20 


control 


RANKL 


Gu  1 


Fig.  7  Inhibitory  effects  of  guanabenz  on  development  of 
RAW264.7  pre-osteoclasts.  CN  control,  Gu  guanabenz.  The  single 
and  double  asterisks  indicate  significant  decreases  with  p  <  0.05  and 
p  <  0.01  in  comparison  to  the  RANKF-treated  cells,  respectively, 
a  Cell  mortality  ratio,  b  Relative  cell  numbers,  c  Dose-dependent 
suppression  of  RANKE  driven  activation  of  osteoclasts  by  guanabenz. 
d  Dose-dependent  suppression  of  TRAP-positive  multi-nucleated 
cells  by  guanabenz 


The  elevation  of  p-eIF2oe  is  reported  to  enhance  the 
development  of  osteoblasts  and  mineralization  of  extra¬ 
cellular  matrix.  In  response  to  various  stresses  such  as 
oxidation,  radiation,  and  stress  to  the  endoplasmic  reticu¬ 
lum,  cells  undergo  either  survival  or  an  apoptotic  pathway 
[27].  As  part  of  a  pro-survival  program,  the  level  of 
p-eIF2a  is  raised  followed  by  diminished  translational 
efficiency  to  all  proteins  except  for  a  limited  group 
including  ATF4  [5].  Salubrinal’ s  action  mimics  the 
induction  of  a  pro-survival  program  without  imposing 
damaging  stresses,  which  result  in  the  upregulation  of 
ATF4  without  inducing  apoptosis.  Since  ATF4  is  a  tran¬ 
scription  factor  critical  for  osteoblastogenesis  and  bone 
formation,  we  examined  the  effects  of  the  administration  of 
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Fig.  8  Reduction  of  RANKL-induced  NFATcl  expression  by  guana- 
benz.  CN  control,  Gu  guanabenz.  The  single  and  double  asterisks 
indicate  significant  decreases  with  p  <  0.05  and  p  <  0.01  in  com¬ 
parison  to  the  RANKL-treated  cells,  respectively,  a  Expression  of 
NFATcl  (2  days  after  RANKL  administration),  b  Messenger  RNA 
levels  of  NFATcl,  c-Fos,  TRAP,  and  OSCAR  (2  days  after  RANKL 
administration) 


salubrinal  and  guanabenz  on  the  mRNA  level  of  osteo¬ 
calcin  as  well  as  the  mineralization  of  the  extracellular 
matrix.  Silencing  ATF4  using  RNA  interference  signifi¬ 
cantly  suppressed  salubrinal-driven  upregulation  of  osteo¬ 
calcin  expression.  Thus,  the  result  here  is  consistent  with 
the  previously  reported  role  of  salubrinal  that  stimulates 
new  bone  formation  in  the  healing  of  bone  wound  [8]. 

A  schematic  diagram  illustrating  the  proposed  pathway 
of  eIF2a-mediated  signaling  in  osteoblastogenesis  and 
osteoclastogenesis  is  presented  (Fig.  11).  Through  inhibi¬ 
tion  of  de-phosphorylation  of  eIF2a,  salubrinal  and 
guanabenz  are  capable  of  enhancing  bone  formation  by 
activating  ATF4,  as  well  as  reducing  bone  resorption  by 
down-regulating  NFATcl.  Osteoclastogenesis  is  a  complex 
developmental  process,  in  which  active  interactions  take 
place  between  osteoblasts  and  osteoclasts.  In  the  RANK/ 
RANKL/OPG  signaling  pathway,  for  instance,  osteoblasts 
provide  RANKL  that  stimulates  osteoclastogenesis.  Since 
binding  of  RANKL  to  RANK  is  known  to  activate  MAPKs 
and  NFkB  [28,  29],  we  evaluated  a  potential  role  of  ERK, 
p38,  and  NFkB  in  the  eIF2a-mediated  signaling.  In 
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Fig.  9  Temporal  expression  profile  of  p-eIF2a  and  NFATcl  in  the 
presence  and  absence  of  20  pM  guanabenz.  Gu  guanabenz.  a  Western 
blot  analysis  of  eIF2a-p  and  NFATcl.  b  Comparison  of  the 
expression  level  of  eIF2a-p  and  NFATcl  with  and  without  20  pM 
guanabenz.  The  normalized  level  of  “1”  was  defined  as  the  level  for 
the  cells  that  were  not  treated  with  RANKL  without  administration  of 
guanabenz 


response  to  administration  of  20  pM  salubrinal,  we 
examined  the  levels  of  p-ERK,  p-p38  MAPK,  and  p-NFicB 
together  with  p-eIF2a.  However,  no  detectable  changes  in 
the  levels  of  their  phosphorylated  form  were  observed.  It  is 
possible  that  salubrinal  may  activate  transcription  factors 
such  as  MafB  (V-maf  musculoaponeurotic  fibrosarcoma 
oncogene  homolog  B),  IRF8  (interferon  regulatory  factor 
8),  and  Bcl6  (B  cell  lymphoma  6),  which  are  known  to  be 
inhibitors  of  NFATcl  [30-32].  Alternatively,  microRNA 
and  epigenetic  changes  such  as  histone  modification  reg¬ 
ulate  expression  of  NFATcl  might  be  involved  [33,  34]. 
For  instance,  H3K27  demethylase  is  reported  to  demethy¬ 
late  the  site  of  H3K27me3  of  NFATcl  and  stimulate 
RANKL-induced  osteoclastogenesis  [34].  The  results 
herein  require  further  analysis  on  a  regulatory  mechanism 
that  links  elevation  of  p-eIF2a  to  the  suppression  of 
NFATcl. 

A  recent  study  independently  reported  that  salubrinal 
alters  the  fate  of  osteoclasts  and  bone  resorption  through 
eIF2a-mediated  translational  regulation  [35].  Herein,  we 
further  examined  the  regulatory  mechanism  using  not  only 
salubrinal  but  also  guanabenz,  which  are  the  inhibitors  of 
PP1.  The  results  revealed  that  these  agents  can  also  regu¬ 
late  expression  of  NFATcl  at  a  transcriptional  level.  A 
separate  in  vivo  study  as  well  as  in  vitro  studies  using 
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Fig.  10  Reduction  in  salubrinal/guanabenz  driven  suppression  of 
NFATcl  expression  by  RNA  interference  specific  for  eIF2a.  Sal 
salubrinal,  Gu  guanabenz,  and  NC  non-specific  control  siRNA.  The 
single  and  double  asterisks  indicate  significant  changes  to  the 
RANKL-treated  NC  siRNA  cells  with  p  <  0.05  and  p  <  0.01, 
respectively.  The  single  and  double  daggers  indicate  significant 
changes  to  the  salubrinal  or  guanabenz-treated  NC  siRNA  cells  with 
p  <  0.05  and  p  <  0.01,  respectively,  a  eIF2a  level  after  transfecting 
siRNA  specific  to  eIF2a.  b  Western  blot  analysis  of  p-NFxB  and 
NFATcl.  c  Comparison  of  the  expression  level  of  NFATcl  between 
control  siRNA  and  eIF2a  siRNA 

primary  bone  marrow  derived  cells  support  salubrinal’ s 
efficacy  on  inhibition  of  bone  resorption.  In  summary,  we 
demonstrate  that  elevation  of  p-eIF2a  stimulates  osteocal¬ 
cin  expression  through  upregulation  of  ATF4  in  osteoblasts 
and  inhibits  TRAP  expression  via  downregulation  of 
NFATcl  in  pre-osteoclasts.  Silencing  eIF2a  with  RNA 
interference  reduced  suppression  of  salubrinal/guanabenz- 
driven  downregulation  of  NFATcl.  The  results  in  this 
study  support  the  possibility  of  regulating  bone  remodeling 
through  eIF2a-mediated  signaling  for  combatting  bone  loss 
in  osteoporosis. 


Fig.  11  Proposed  mechanism  of  eIF2a  signaling  on  osteoclastogene- 
sis  through  NFATcl 
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Salubrinal  is  a  small  synthetic  compound  that  suppresses 
de-phosphorylation  of  eukaryotic  translation  initiation  factor  2 
alpha  (elF2a)  and  attenuates  stress  to  the  endoplasmic 
reticulum.  It  has  been  reported  that  salubrinal  enhances 
osteoblastogenesis  and  suppresses  osteoclastogenesis.  We 
have  recently  reported  that  salubrinal  also  presents 
chondroprotective  effects  through  downregulation  of  NFkB 
signaling,  and  it  reduces  arthritic  inflammation  by  inhibiting 
dual-specificity  phosphatase  2  (Dusp2).  In  this  review,  we 
summarize  salubrinal’s  beneficial  effects  on  skeletal  diseases 
and  suggest  its  novel  therapeutic  possibilities.  Journal  of 
Nature  and  Science,  1(8):e151,  2015 

elF2a  |  salubrinal  |  endoplasmic  reticulum  |  bone 

Chemical  structure  of  salubrinal 

Salubrinal  (C2iH17Cl3N4OS;  479.8  Da)  is  a  synthetic  compound  with 
an  IUPAC  name  of  (2E)-3-phenyl-N-[2,2,2-trichloro-l-[[(8- 
quinolinylamino)thioxomethyl]  amino]  ethyl]  -2-propenamide.  As 
outlined  in  Fig.  1,  it  is  synthesized  with  /rafts-cinnamamide  1  as  a 
starting  material.  The  first  reaction  with  anhydrous  chloral 
generates  chloral  cinnamamide  2.  The  second  reaction  transforms 
into  the  amine  3  via  substitutive  chlorination  with  phosphorus 
pentachloride  followed  by  treatment  with  ammonia.  Lastly,  amine 
3  is  reacted  with  8-isothiocyanatoquinoline  to  produce  salubrinal  [1]. 
SalubrinaTs  hydrophobic  parameter,  log[P],  is  4.56  (pH  7.40)  by 
Pallas  3.0,  and  its  uptake  in  organs  and  cells  is  predicted  relatively 
high. 

Salubrinal’s  action  as  anti-apoptosis  and  neuroprotection 

Salubrinal  inhibits  protein  phosphatase  1  (PP1)  and  suppress 
de-phosphorylation  of  eukaryotic  translation  initiation  factor  2  alpha 
(eIF2a).  It  is  known  as  a  suppressor  of  stress  to  the  endoplasmic 
reticulum  (ER)  [2],  which  can  be  induced  by  a  multitude  of  causes, 
including  protein  misfolding,  UV,  and  viral  infection  [3,  4].  ER 
stress  elevates  the  level  of  phosphorylated  eIF2a  (eIF2a-p)  [5],  and 
severe  ER  stress  induces  apoptosis  and  tends  to  worsen  systemic 
disease  states  [6-8].  Based  on  its  structure-activity  relationship,  it  is 
suggested  that  all  functional  groups  except  for  quinolone  moiety  are 
essential  to  induce  protective  activity  against  apoptosis  by  ER  stress 
[1].  Interestingly,  salubrinal  in  general  acts  as  an  anti-apoptotic 
agent  [9-12],  although  at  a  high  dose  it  may  lead  to  apoptosis.  For 
instance,  salubrinal  is  reported  to  prevent  glucocorticoid 
induced-apoptosis  in  osteoblasts  and  osteocytes  [9].  Salubrinal 
also  protects  neurons  against  apoptotic  death  by  downregulating 
eIF2a-ATF4-CHOP  signaling  [10].  Besides  protection  from 
apoptosis,  salubrinal  is  reported  to  generate  beneficial  effects  in 
animal  models  for  neuronal  disorders  [13-16].  First,  it  alleviates 
neurological  dysfunction  after  cardiopulmonary  resuscitation  in  rats 
[13].  Second,  it  provides  neuroprotective  effects  in  a  mouse  model 
of  traumatic  brain  injury  [14].  Third,  it  inhibits  the  expression  of 
proteoglycans  and  increases  neurite  outgrowth  [15].  Lastly,  it 
modulates  sleep  homeostasis  and  activates  sleep-  and 
wake-regulatory  neurons  [16]. 

Salubrinal’ s  stimulation  of  osteoblastogenesis  and  inhibition  of 
osteoclastogenesis 


In  the  skeletal  system,  osteoblasts  and  osteoclasts  play  dueling  roles 
in  bone  remodeling.  Osteoblasts  are  bone-forming  cells  derived 
from  mesenchymal  stem  cells,  while  osteoclasts  are  bone-resorbing 
cells  derived  from  myelomonosytic  lineage  [17].  Differentiation  of 
osteoblasts  and  osteoclasts  are,  in  part,  regulated  by  transcription 
factors  [18,  19]  including  activating  transcription  factor  4  (ATF4). 
ATF4  is  not  only  one  of  the  key  transcription  factors  for  osteoblast 
maturation  but  also  an  essential  regulator  in  stress  to  the  ER  [8,  20]. 
In  osteoblasts,  ER  stress  elevates  the  level  of  eIF2a-p  and  stimulates 
the  expression  of  ATF4  [8].  Salubrinal,  on  the  other  hand, 
increases  eIF2a-p  by  blocking  PP1  and  enhances  matrix  deposition 
through  upregulation  of  ATF4  and  osteocalcin  [21]. 

Osteoclast  development  also  involves  eIF2a  [21-23]. 
Osteoclastogenesis  is  induced  by  administration  of  receptor 
activator  of  nuclear  factor  kappa-B  (RANKL),  and  RANKL-driven 
osteoclastogenesis  is  suppressed  by  salubrinal.  SalubrinaTs 
inhibitory  action  is  consistent  with  its  downregulation  of  nuclear 
factor  of  activated  T  cells  cl  (NFATcl),  which  is  a  master  gene  for 
osteoclast  differentiation  [21-23].  Principal  component  analysis  of 
genome-wide  microarray  data  predicted  transcription  factors  that 
followed  the  phenotypic  response  of  salubrinal-driven  suppression 
of  osteoclastogenesis.  Several  of  these  predicted  transcription 
factors  were  experimentally  validated  to  conclude  that  salubrinal 
downregulates  AP-1  proteins  such  as  c-Fos  and  JunB  [24]  and 
suppresses  RANKL-driven  NFATcl  expression. 

Salubrinal-driven  prevention  of  cartilage  degradation  in 
osteoarthritis 

Osteoarthritis  (OA)  is  the  most  common  joint  disease,  resulting  from 
multiple  factors,  including  traumatic  injury  and  obesity  [25]. 
Matrix  metalloproteinase  13  (MMP13)  is  one  of  the  most  influential 
collagenases  in  the  destruction  of  cartilage  tissue  [26],  in  which 
salubrinal  is  able  to  attenuate  its  expression  and  activity.  In  vitro 
assays  demonstrate  that  in  TNFa  and  ILip-treated  chondrocytes 
activation  of  nuclear  factor  kappa  B  (NFkB)  signaling  is  suppressed 
by  salubrinal  [27].  In  a  mouse  model  of  surgically-induced  OA,  it 
has  been  reported  that  administration  of  salubrinal  alleviates 
cartilage  degradation  by  downregulating  phosphorylated  NFkB  [28]. 
Other  studies  also  report  that  salubrinal  acts  as  an  inhibitor  of  NFkB 
signaling  and  attenuates  P-amyloid-induced  neuronal  death  and 
microglial  activity  [29]. 

Salubrinal’s  beneficial  effects  on  inflammatory  arthritis 

In  macrophages,  the  basal  level  of  phosphorylated  eIF2a  was  higher 
in  old  mice  than  young  mice  [30].  Our  recent  study  demonstrated 
that  salubrinal  suppresses  lipopolysaccharide  (LPS)-stimulated 
inflammatory  responses  in  macrophages  [31].  Salubrinal  is  reported 
to  reduce  orofacial  inflammatory  pain  [32],  and  it  alleviates  colitis 
through  suppression  of  proinflammatory  cytokines  [33]. 
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Figure  1.  Synthetic  route  of  salubrinal. 


Figure  2.  Schematic  mechanism  of  salubrinal’ s  action  on  skeletal  diseases  and  breast  cancer. 


We  also  have  reported  that  salubrinal  attenuates  inflammatory 
cytokines  such  as  ILip,  Cox2,  IL2,  TNF,  and  IL13  in  macrophages, 
T  lymphocytes,  and  mast  cells  [31].  Using  gene  expression 
microarray  data,  potential  targets  of  salubrinal  were  identified  by 
their  correlation  with  the  observed  phenotype  in  two  cell  lines.  Of 
the  predicted  genes,  a  potential  target,  dual-specificity  phosphatase 
2  (Dusp2),  which  plays  a  critical  role  in  the  progression  of 
inflammatory  arthritis,  such  as  in  rheumatoid  arthritis,  was 
identified  and  validated.  Dusp2  is  highly  expressed  in  activated 
immune  cells,  and  inflammatory  responses  are  reduced  in  the 
K/BxN  model  of  rheumatoid  arthritis  by  deleting  Dusp2  [34].  In 
our  study,  salubrinal  acts  as  a  Dusp2  inhibitor  and  suppresses 
inflammatory  responses  in  a  mouse  model  of  anti-collagen 
antibody-induced  arthritis  [31]. 

Salubrinal’ s  action  through  eIF2a  and  NFkB 

Besides  salubrinal,  guanabenz  is  another  agent  that  is  known  as  an 
inhibitor  of  the  de-phosphorylation  of  eIF2a  [35].  These  two 
agents  inhibit  PP1  by  interacting  with  different  subunits  of  PP1 :  PP1 
alpha  for  salubrinal  and  GADD34  for  guanabenz.  Both  agents 
enhance  osteoblastogenesis  and  suppress  osteoclastogenesis  through 
regulating  the  level  of  eIF2a-p.  However,  one  of  the  clear 
differences  between  these  agents  is  that  salubrinal  presents 
chondroprotective  effects  through  downregulating  NFkB  signaling, 
but  guanabenz  does  not  [28].  In  addition,  guanabenz  and  not 
salubrinal  is  known  as  an  agonist  of  a2  adrenergic  receptor.  Further 
studies  are  necessary  to  identify  salubrinal’ s  potential  binding 
partner(s)  that  modulate  NFkB  signaling. 

Other  therapeutic  possibilities  with  salubrinal 


It  is  possible  that  salubrinal  may  present  efficacy  to  other  skeletal 
diseases  we  have  not  yet  tested.  It  has  recently  been  reported  using 
a  mouse  in  vivo  model  that  salubrinal  is  able  to  attenuate  tumor 
growth  and  migration  by  downregulating  the  activity  of  Racl 
GTPase  [36].  Since  salubrinal  suppresses  osteoclast  differentiation, 
salubrinal  may  not  only  suppress  proliferation  of  breast  cancer  cells 
but  also  protect  bone  from  metastasis.  Other  therapeutic 
possibilities  may  include  the  prevention  of  bone  loss  for  patients 
with  diabetes  and  spinal  cord  injury-induced  osteoporosis. 

Conclusions  &  Future  Perspectives 

Salubrinal  has  been  shown  to  present  various  beneficial  effects  in 
mouse  models  of  osteoporosis,  osteoarthritis,  inflammatory  arthritis, 
and  breast  cancer  (Fig.  2).  Two  major  functions  in  bone 
remodeling  are  enhancement  of  bone  formation  through 
upregulation  of  ATF4  and  suppression  of  bone  resorption  through 
downregulation  of  NFATcl  and  AP-1  proteins.  Salubrinal  also  has 
chondroprotective  effects  by  reducing  NFkB  signaling  and  MMP13 
activity.  Furthermore,  it  induces  anti-inflammatory  responses  by 
suppressing  Dusp2  and  attenuates  tumor  growth  and  migration  by 
blocking  Racl  GTPase.  Collectively,  salubrinal  may  provide  a  novel 
therapeutic  possibility  for  multiple  skeletal  diseases  including  breast 
cancer  and  bone  metastasis.  We  envision  that  administration  routes, 
bioavailability,  appropriate  doses,  and  patient-related  factors  such  as 
sex,  age,  and  genetic  makeup  should  be  evaluated  for  each  of  the 
potential  applications  through  pharmacokinetics  and  pre-clinical 
studies. 
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Introduction:  Osteoporosis  is  a  common  debilitating  disease  that  causes  bone  loss.  Salubrinal  and  guanabenz, 
new  potential  therapeutic  agents  for  treating  osteoporosis,  have  attracted  attention  since  they  not  only  activate 
bone-forming  osteoblasts  but  also  suppress  bone -resorbing  osteoclasts  [1].  They  are  known  to  elevate  ATF4,  one 
of  the  known  transcription  factors  for  bone  formation.  However,  the  mechanism  of  their  action  on  bone 
resorption  is  not  fully  understood.  Focusing  on  regulation  of  NFATcl,  a  master  transcription  factor  of  osteoclast 
development,  we  analyzed  the  genome -wide  expression  data  and  predicted  potential  mediators  of  salubrinal  and 
guanabenz  on  bone  resorption. 


Materials  and  Methods:  Principal  component  analysis  (PC A)  was  conducted  [2]  using  two  sets  of  genome-wide 
mRNA  expression  profiles  with  RAW264.7  mouse  pre-osteoclast  cells  (Figure  1).  In  the  first  set  (4  groups),  cells 
were  treated  with  placebo,  RANKL  (stimulator  of  osteoclastogenesis),  salubrinal  with  RANKL,  or  guanabenz 
with  RANKL.  In  the  second  set  (4  groups),  cells  were  treated  with  control  siRNA  or  NFATcl  siRNA  in  the 
presence  and  absence  of  RANKL.  First,  we  applied  PCA  and  selected  genes  that  were  apparently  not  regulated 
by  NF AT c  1 ,  through  a  comparison  between 


the  control  and  NFATcl  siRNA  samples  in 
the  presence  of  RANKL.  The  genes  in  the 
10th  percentile  of  NFATcl  siRNA-dependent 
expression,  whose  components  in  the  first 
principal  axis  (PCI)  were  smaller  than 
others,  were  chosen.  For  those  genes,  we 
applied  PCA  for  identifying  genes 
responsive  to  salubrinal  and  guanabenz. 
Responsiveness  was  evaluated  based  on  the 
components  in  the  first  principal  axis,  which 
clustered  the  samples  by  the  degree  of 
osteoclastogenesis.  In  determining 
responsiveness,  we  considered  statistical 
significance  (root  mean  squared  combined 
p-values)  among  the  samples  with  and 
without  salubrinal  or  guanabenz  treatment. 
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Figure  1.  PCA  on  two  data  sets.  (A)  PCI  (first  principal  axis  for 
siRNA)  and  PC2  (second  principal  axis)  sort  the  samples  based  on 
the  effects  of  NFATcl  siRNA.  (B)  PCI  for  Sal/Gu  clusters  4  sets  of 
samples  along  the  predicted  axis  of  osteoclastogenesis. 


Results  and  Discussion:  PCA  predicted  that  Serinc2,  Rdx,  and  Antxr2  are  potential  activators  of  RANKL- 
mediated  osteoclastogenesis,  whereas  Aril  1,  Zfyve21,  and  PcdhblO  are  potential  inhibitors  of  RANKL-mediated 
osteoclastogenesis.  These  genes  were  identified  to  be  regulated  by  salubrinal  and  guanabenz,  but  unaffected  by 
the  silencing  of  NFATcl. 


Conclusions:  In  this  study,  we  used  PCA  to  predict  potential  regulators  of  salubrinal’s  and  guanabenz’s  action  on 
RANKL-mediated  osteoclastogenesis.  The  predicted  genes  are  upstream  of  NFATcl  or  unrelated  to  NFATcl. 
Further  validation  of  these  candidates  will  be  required  in  order  to  confirm  their  activity  in  regulating  osteoclasts. 
The  elucidation  of  these  mechanisms  will  refine  our  understanding  of  osteoclastogenesis  and  may  help  direct 
future  targets  for  drug  treatment. 
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ABSTRACT  BODY: 

Introduction: 

Bone  remodeling  is  conducted  by  a  coordinated  action  of  osteoclasts  (bone  resorption)  and  osteoblasts  (bone  formation),  and  osteoporosis  reflects 
imbalanced  activities  of  osteoclasts  and  osteoblasts.  It  is  recently  reported  that  salubrinal,  a  synthetic  chemical  agent  can  accelerate  healing  of  bone 
wounds  [1].  In  this  study,  we  address  a  question:  does  salubrinal  alter  differentiation  of  bone  marrow  derived  cells  -  progenitor  cells  to  osteoclasts, 
osteoblasts,  and  adipocytes?  Using  ovariectomized  (OVX)  mice  as  a  model  for  postmenopausal  osteoporosis,  we  examined  a  hypothesis  that  salubrinal 
not  only  elevates  bone  mass  but  also  reduces  fat  mass  and  restore  OVX-induced  obesity  through  modulation  of  the  fate  of  bone  marrow  derived  cells. 

Methods: 

Thirty-six  C57BL/6  female  mice  (~  12  wks)  were  used.  Twenty-four  mice  were  subjected  to  OVX  (OVX  control  group,  and  OVX  salubrinal  group  at  1 
mg/kg),  and  twelve  mice  were  used  as  the  age-match  control  group.  Changes  in  BMD/BMC  in  the  lumbar  spine  and  abdominal  fat  were  measured  by 
pDEXA.  Bone  marrow  mononuclear  cells  were  harvested,  and  we  examined  osteoclast  (OCL)  lineage  (formation,  migration,  and  adhesion)  as  well  as 
colony  formation  of  osteoclast  progenitors  with  a  colony  forming  unit-macrophage  assay  (CFU-M).  Differentiation  of  osteoblasts  was  examined  with  a 
colony-forming  unit-osteoblast  assay  (CFU-OBL). 

Results: 

Attenuation  of  OVX  symptoms:  Administration  of  salubrinal  suppressed  an  increase  in  body  weight  and  a  decrease  in  uterine  weight  (Fig.  1 A  &  IB). 
Suppression  of  osteoclast  differentiation:  Compared  to  the  age-match  control,  OVX  activated  osteoclast  formation  (Fig.  2A).  Administration  of 
salubrinal  induced  a  dosage-dependent  inhibition  of  osteoclast  formation  at  both  early  and  later  times  (Fig.  2B).  Furthermore,  salubrinal  significantly 
reduced  the  migration  and  adhesion  of  osteoclasts  (Fig.  2C&D;  Fig.  3A). 

Promotion  of  osteoblast  differentiation:  Besides  its  effects  on  osteoclasts,  salubrinal  significantly  promoted  differentiation  of  osteoblasts  (Fig.  3B). 
Reduction  in  fat  and  increase  in  BMC:  Salubrinal  decreased  abdominal  fat  (%)  (Fig.  3C),  and  increased  BMC  in  the  lumbar  spine  (Fig.  3D). 

Discussion: 

The  current  study  using  OVX  mice  demonstrates  that  salubrinal  regulates  bone  remodeling  through  the  promotion  of  osteoblast  differentiation  as  well 
as  the  reduction  of  osteoclast  formation,  migration  and  adhesion.  Furthermore,  it  suppresses  OVX-induced  increase  in  body  weight  and  fat  storage.  A 
separate  study  using  in  vitro  systems  indicate  that  besides  altering  the  phosphorylation  level  of  eukaryotic  translation  initiation  factor  2a,  salubrinal 
affects  the  phosphorylation  of  p38  MAPK  and  NFkB.  Further  studies  are  needed  to  clarity  the  molecular  mechanism  underlying  the  observed  effects. 

Significance: 

Salubrinal  is  effective  in  elevating  BMD/BMC  and  reducing  fats  in  OVX  mice,  which  presented  osteoporosis  and  obesity.  It  could  be  considered  as  a 
potential  therapeutic  chemical  agent  for  the  regulation  of  bone  remodeling  and  fat  metabolism  of  patients  with  postmenopausal  osteoporosis. 
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Fig.  1 .  Effects  of  salubrinal  in  body 
weight  and  uterine  weight  in  OVX 
mice.  (A-B)  Reduction  in  body  weight. 
(C-D)  Increase  in  uterine  weight. 
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Fig.  2.  Effects  of  salubrinal  on  osteoclasts  (OCL). 
(A)  Increased  formation  in  OVX  mice.  (B)  Dosage- 
dependent  reduction  by  salubrinal.  (C)  Reduction  in 
OCL  migration.  (D)  Reduction  in  OCL  adhesion. 
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Fig.  3.  Effects  of  salubrinal  in  OVX  mice.  (A) 
Reduction  in  CFU-M.  (B)  Increase  in  CFU- 
OBL.  (C)  Reduction  in  abdominal  fat.  (D) 
Increase  in  BMC  in  the  lumbar  spine. 
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Abstract 

Background:  Osteoporosis  is  a  skeletal  disease  leading  to  an  increased  risk  of  bone  fracture.  Using  a  mouse 
osteoporosis  model  induced  by  administration  of  a  receptor  activator  of  nuclear  factor  kappa-B  ligand  (RANKL), 
salubrinal  was  recently  reported  as  a  potential  therapeutic  agent.  To  evaluate  the  role  of  salubrinal  in  cellular  fates 
as  well  as  migratory  and  adhesive  functions  of  osteoclast/osteoblast  precursors,  we  examined  the  development  of 
primary  bone  marrow-derived  cells  in  the  presence  and  absence  of  salubrinal.  We  addressed  a  question:  are 
salubrinal's  actions  more  potent  to  the  cells  isolated  from  the  osteoporotic  mice  than  those  isolated  from  the 
control  mice? 

Methods:  Using  the  RANKL-injected  and  control  mice,  bone  marrow-derived  cells  were  harvested. 
Osteoclastogenesis  was  induced  by  macrophage-colony  stimulating  factor  and  RANKL,  while  osteoblastogenesis 
was  driven  by  dexamethasone,  ascorbic  acid,  and  p-glycerophosphate. 

Results:  The  results  revealed  that  salubrinal  suppressed  the  numbers  of  colony  forming-unit  (CFU)-granulocyte/ 
macrophages  and  CFU-macrophages,  as  well  as  formation  of  mature  osteoclasts  in  a  dosage-dependent  manner. 
Salubrinal  also  suppressed  migration  and  adhesion  of  pre-osteoclasts  and  increased  the  number  of  CFU-osteoblasts. 
Salubrinal  was  more  effective  in  exerting  its  effects  in  the  cells  isolated  from  the  RANKL-injected  mice  than  the 
control.  Consistent  with  cellular  fates  and  functions,  salubrinal  reduced  the  expression  of  nuclear  factor  of  activated 
T  cells  cl  (NFATcl)  as  well  as  tartrate-resistant  acid  phosphatase. 

Conclusions:  The  results  support  the  notion  that  salubrinal  exhibits  significant  inhibition  of  osteoclastogenesis  as 
well  as  stimulation  of  osteoblastogenesis  in  bone  marrow-derived  cells,  and  its  efficacy  is  enhanced  in  the  cells 
harvested  from  the  osteoporotic  bone  samples. 

Keywords:  Osteoporosis,  RANKL,  Salubrinal,  Osteoclasts,  Osteoblasts 


Background 

Osteoporosis  is  a  common  skeletal  disease  of  bone 
loss,  which  leads  to  an  increased  risk  of  bone  fractures, 
morbidity,  mortality,  and  an  economic  burden  to  society 
[1-3].  In  many  cases  it  is  a  physiological  consequence  of 
the  aging  process  [3,4],  and  in  postmenopausal  women  it 
is  induced  by  a  decrease  in  the  production  of  estrogen,  a 
hormone  known  to  maintain  the  appropriate  ratio  of 
bone-forming  osteoblasts  to  bone-resorbing  osteoclasts 
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[5].  During  the  past  20  years,  many  therapeutic  drugs 
have  been  developed  to  prevent  osteoporotic  bone  loss. 
Bisphosphonates  are  the  most  widely  prescribed  medica¬ 
tions  to  treat  postmenopausal  osteoporosis,  but  they  may 
be  associated  with  an  increased  risk  of  osteonecrosis  of  the 
jawbone  and  atypical  femur  fracture  [6].  Other  treatments 
include  administration  of  estrogen  and  estrogen  analogs,  as 
well  as  parathyroid  hormone.  However,  increased  risks  of 
breast  cancers  and  blood  clots  have  been  reported  as  side 
effects  of  these  treatments  [7-9].  The  aim  of  this  study  is  to 
evaluate  a  therapeutic  role  of  a  chemical  agent,  salubrinal, 
in  potential  treatment  of  osteoporosis. 

Salubrinal  is  a  small  chemical  agent  (480  Da, 
C2iH17Cl3N4OS)  known  to  block  de-phosphorylation  of 
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eukaryotic  translation  initiation  factor  2  alpha  (eIF2a)  [10]. 
Salubrinal  is  also  reported  to  attenuate  molecular  signaling 
mediated  by  nuclear  factor  kappa  B  (NFkB)  [11].  The 
elevated  phosphorylation  level  of  eIF2a  upregulates 
activating  transcription  factor  4  (ATF4),  one  of  the  key 
transcription  factors  in  bone  formation  [12].  Salubrinal  is 
shown  to  enhance  healing  of  bone  wounds  and  promotes 
differentiation  of  osteoblasts  [13].  Little  is  known,  however, 
about  its  effects  on  bone  resorption,  in  particular  develop¬ 
mental  regulation  of  bone  marrow-derived  cells.  Bone 
marrow-derived  cells  contain  mesenchymal  stem  cells 
(MSCs)  and  hematopoietic  stem  cells  that  give  rise  to 
osteoblasts  and  osteoclasts,  respectively  [14].  The  primary 
focus  of  this  study  is  the  potential  role  of  salubrinal  in  the 
development  of  bone  marrow-derived  cells  towards  mature 
osteoclasts,  as  well  as  its  role  in  development  of  mesen¬ 
chymal  stem  cells  and  osteoblasts. 

Experimental  animal  models  are  useful  to  evaluate  thera¬ 
peutic  efficacy  of  chemical  agents.  Available  osteoporosis 
models  include  ovariectomy  (OVX)  [15,16],  tail  suspension 
[17,18],  denervation  [19,20],  a  low-calcium  diet  [21,22], 
and  administration  of  receptor  activator  of  nuclear  factor 
kappa-B  ligand  (RANKL)  [23-25].  Any  animal  model  may 
have  its  advantage  and  disadvantage.  For  instance,  OVX- 
induced  osteoporosis,  which  is  currently  considered  as  the 
gold  standard  for  the  evaluation  of  pharmaceuticals  for 
postmenopausal  osteoporosis,  not  only  reduces  the  level  of 
estrogen  but  also  generates  surgery-induced  injury  together 
with  an  increase  in  osteoblast  activity.  Furthermore,  surgical 
induction  of  OVX  requires  consistency  in  the  surgical 
procedure  as  well  as  a  minimum  of  4  weeks.  The  tail 
suspension  model  not  only  increases  bone  resorption  but 
also  reduces  osteoblast  differentiation.  In  the  denervation 
model,  surgery-induced  injury  is  involved.  In  this  study, 
we  evaluated  in  vivo  effects  of  salubrinal  using  the  OVX 
mice  and  in  vitro  effects  of  salubrinal  using  bone  marrow- 
derived  cells  isolated  from  the  RANKL- injected  mice. 

In  the  RANKL  administration  model,  RANKL  is  sub¬ 
cutaneously  injected  for  as  a  short  period  as  3  days  [26]. 
RANKL  is  a  cytokine  belonging  to  the  tumor  necrosis 
factor  family.  In  the  immune  system,  it  is  involved  in 
dendritic  cell  maturation,  while  in  the  skeletal  system  it 
is  a  ligand  for  osteoprotegerin  (OPG)  and  functions  as  a 
key  regulator  for  osteoclast  differentiation  and  activation 
[27,28].  RANKL  deletion  in  mice  leads  to  osteopetrosis  and 
a  decrease  of  osteoclasts,  while  RANKL  overproduction  is 
linked  to  a  variety  of  degenerative  bone  diseases  including 
osteoporosis  and  rheumatoid  arthritis  [29,30]. 

Focusing  on  the  development  of  bone  marrow-derived 
cells  in  the  presence  and  absence  of  salubrinal,  we  addressed 
a  pair  of  questions:  Does  administration  of  salubrinal 
modulate  cellular  fates  and  functions  of  bone  marrow- 
derived  cells  in  favor  of  prevention  of  bone  loss?  If  so,  are 
salubrinal  s  actions  more  potent  to  the  cells  isolated  from 


the  osteoporotic  RANKL-injected  mice  than  those  isolated 
from  the  control  mice?  Because  of  the  anticipated  role  of 
salubrinal  that  is  potentially  opposite  to  that  of  RANKL, 
we  hypothesized  that  salubrinal  is  more  effective  in 
inhibiting  development  of  osteoclasts  and  stimulating 
development  of  osteoblasts  in  the  cells  isolated  from  the 
RANKL-injected  mice  than  those  from  the  control  mice. 
To  test  the  hypothesis,  we  employed  assays  such  as 
colony-forming  unit  -  granulocyte/macrophages  (CFU-GM), 
colony-forming  unit  -  macrophages  (CFU-M),  and  for¬ 
mation  of  multi-nucleated  osteoclasts  in  an  osteoclast 
differentiation  medium,  as  well  as  assays  for  migration 
and  adhesion  of  pre-osteoclasts.  We  also  conducted  assays 
for  examining  colony-forming  unit  -  osteoblasts  (CFU- 
OBL)  in  an  osteoblast  differentiation  medium.  To  evaluate 
salubrinals  effects  on  expression  of  nuclear  factor  of 
activated  T  cells  cl  (NFATcl),  a  master  transcription 
factor  for  osteoclastogenesis,  we  conducted  real-time  PCR 
and  Western  blot  analysis. 

Methods 

Animals  and  materials  preparation 

C57BL/6  female  mice  (7  weeks  of  age)  were  used.  Each 
cage  housed  four  to  five  mice  at  the  Indiana  University 
Animal  Care  Facility.  They  were  fed  with  mouse  chow 
and  water  ad  libitum .  Experimental  procedures  were 
approved  by  the  Indiana  University  Animal  Care  and 
Use  Committee  and  were  in  compliance  with  the  Guiding 
Principles  in  the  Care  and  Use  of  Animals  endorsed  by 
the  American  Physiological  Society.  Cytokines  were 
purchased  from  PeproTech  (Rocky  Hills,  NC,  USA)  and 
other  chemicals  from  Sigma  (St.  Louis,  MO,  USA)  unless 
otherwise  stated.  Salubrinal  (R&D  Systems,  Minneapolis, 
MN,  USA)  was  administered  at  1  mg/kg  to  mice,  and  at 
0.5  to  5  pM  to  cultured  cells  for  the  duration  of  each 
experiment. 

Ovariectomy 

The  animal  was  anesthetized  with  1.5%  isoflurane  at  a 
flow  rate  of  0.5  to  1.0  L/min.  After  removing  the  hair, 
the  skin  at  the  operative  sites  was  cleaned  using  70% 
alcohol  and  10%  providoneiodine  solution.  An  incision 
(~20  mm)  was  made  at  the  midline  dorsal  skin,  and  the 
peritoneal  cavity  was  incised  to  access  the  ovaries.  After 
removing  the  ovaries,  the  wound  was  closed  by  suturing.  In 
4  weeks  after  surgery,  subcutaneous  injection  of  salubrinal 
was  conducted  daily  at  a  dose  of  1  mg/kg  body  weight  for 
4  weeks.  The  control  OVX  mice  received  an  equal  volume 
of  vehicle. 

RANKL  administration  for  the  bone  loss  model 

Soluble  recombinant  murine  RANKL  (sRANKL;  PeproTech) 
was  injected  subcutaneously  using  a  1  mg/kg  dosage  in 
100  pi  PBS  at  24  h  intervals  for  3  days  [26].  The  same 
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volume  of  PBS  was  injected  into  vehicle  control  mice.  At 
90  min  after  the  final  injection,  the  mice  were  euthanized. 
Iliac  bones,  femora,  and  tibiae  were  harvested,  and  bone 
marrow-derived  cells  were  collected. 

Determination  of  bone  mineral  density  (BMD)  and  bone 
mineral  content  (BMC) 

The  BMD  (g/cm2)  and  BMC  (g)  of  an  entire  humerus  and 
ulna  were  determined  using  peripheral  dual  energy  X-ray 
absorptiometry  (DXA;  PIXImus  II,  Lunar  Corp.,  Madison, 
WI,  USA)  and  its  software  (version  1.47). 

Colony-forming  unit-granulocyte-macrophages 
(CFU-GM)  assay 

As  previously  described,  a  colony-forming  unit-granulo- 
cyte-macrophage  (CFU-GM)  assay  was  conducted  [31-33]. 
Approximately  2.5x1 04  bone  marrow-derived  cells  were 
prepared  from  the  vehicle  control  and  RANKL-treated 
mice  and  seeded  onto  a  35-mm  gridded  dish  composed  of 
methylcellulose  supplemented  with  30  ng/ml  murine 
macrophage-colony  stimulating  factor  (M-CSF),  and  20  ng/ 
ml  RANKL.  Three  dosages  of  salubrinal  (1,  2,  and  5  pM) 
were  administered,  and  cells  were  cultured  at  37°C  in  a  5% 
C02  incubator  for  7  days. 

Colony-forming  unit-macrophage/mononuclear 
(CFU-M)  assay 

Using  bone  marrow  mononuclear  cells  (BMMNCs),  a 
colony-forming  unit-macrophage/mononuclear  (CFU-M) 
assay  was  conducted,  as  described  previously  [34-37]. 
From  the  vehicle  control  and  RANKL  administration 
mice,  approximately  2.5xl04  bone  marrow-derived  cells 
were  prepared.  Cells  were  seeded  onto  a  35-mm  gridded 
dish,  which  was  composed  of  methylcellulose  supplemented 
with  30  ng/ml  M-CSF  and  20  ng/ml  RANKL.  Three 
dosages  of  salubrinal  (1,  2,  and  5  pM)  were  administered, 
and  cells  were  cultured  at  37°C  in  a  5%  C02  incubator  for 
7  days. 

Isolation  of  bone  marrow-derived  cells  for  osteoclast 
development 

Bone  marrow-derived  cells  were  collected  by  flushing  the 
iliac,  femur  and  tibia  with  Iscove  s  MEM  (Gibco-Invitrogen, 
Carlsbad,  CA,  USA)  containing  2%  fetal  bovine  serum 
using  a  23-gauge  needle,  as  described  previously  [34,38]. 
Low-density  gradient  centrifugation  was  used  to  separate  the 
cells,  which  were  then  cultured  in  a-MEM  supplemented 
with  10%  FBS,  30  ng/ml  M-CSF,  and  20  ng/ml  murine 
receptor  activator  of  nuclear  factor  kappa-B  ligand 
(RANKL).  Culture  medium  was  replaced  by  a-MEM 
supplemented  with  10%  FBS,  30  ng/ml  M-CSF,  and  60 
ng/ml  RANKL  on  the  third  day,  and  cells  were  then 
grown  for  an  additional  3  days. 


Osteoclast  differentiation  assay 

Using  bone  marrow-derived  cells  isolated  from  the  vehicle 
control  and  RANKL-treated  mice  with  administration  of 
salubrinal  (0,  1,  2,  and  5  pM)  in  96-well  plates,  an  osteoclast 
differentiation  assay  was  performed,  as  described  previously 
[34,39,40].  For  one  experimental  condition,  salubrinal 
was  applied  on  day  0  to  day  6  (6  days),  while  in  the 
other  experimental  condition,  it  was  applied  on  day  4  to 
day  6  (3  days).  Culture  medium  was  exchanged  once  on 
day  4  during  the  6-day  experiments.  A  tartrate  resistant 
acid  phosphate  (TRACP)-staining  kit  was  used  according  to 
the  manufacturers  instructions  to  fix  and  stain  adherent 
cells.  TRACP-positive  multinuclear  cells  (>  3  nuclei)  were 
identified  as  osteoclasts,  and  their  numbers  were  counted 
[39].  The  osteoclast  formation  assay  was  performed  at 
least  3  times  using  cells  isolated  independently  from 
different  cohorts  of  mice. 

Osteoclast  migration  assay 

Using  a  transwell  assay,  migration  of  osteoclasts  was 
evaluated  as  described  previously  with  minor  modifica¬ 
tions  [41].  After  isolating  them  from  vehicle  control 
and  RANKL-treated  mice,  bone  marrow-derived  cells 
(2  x  106/ml)  were  cultured  in  M-CSF  and  RANKL  in  6-well 
plates  for  4  days,  and  then  trypsinized  in  Hanks  balanced 
salt  solution.  With  and  without  salubrinal  (2  pM),  the 
osteoclast  precursor  cells  (1  x  105  cells/well)  were  loaded 
onto  the  upper  chamber  of  transwells  and  allowed  to 
migrate  to  the  bottom  chamber  through  an  8 -pm  polycar¬ 
bonate  filter  coated  with  vitronectin  (Takara  Bio  Inc., 
Otsu,  Shigma,  Japan).  a-MEM  consisting  of  1%  bovine 
serum  albumin  (BSA)  and  30  ng/ml  of  M-CSF  was  in  the 
bottom  chamber.  After  reacting  for  6  h,  the  osteoclast 
precursor  cells  in  the  lower  chamber  was  stained  with 
crystal  violet  and  counted. 

Osteoclast  adhesion  assay 

Ninety-six  well  plates  were  coated  with  5  pg/ml  vitronectin 
in  a-MEM  supplemented  with  30  ng/ml  M-CSF  and  were 
applied  with  osteoclast  precursors  (1  x  105  cells/well)  in 
the  presence  and  absence  of  salubrinal  (2  pM),  as  described 
previously  [41].  Cells  were  incubated  for  30  min,  then 
washed  with  PBS  three  times  and  fixed  with  4%  parafor¬ 
maldehyde  at  room  temperature  for  10-15  min.  After 
crystal  violet  staining,  the  number  of  cells  adherent  to 
av(33  integrin  was  counted. 

Osteoblast  differentiation  assay 

Bone  marrow-derived  cells  were  plated  at  2  x  106/ml 
in  6-well  plates  in  osteogenic  differentiation  medium 
(MesenCult  proliferation  kit)  supplemented  with  10  nM 
dexamethasone,  50  pg/ml  ascorbic  acid  2-phosphate,  and 
10  mM  p-glycerophosphate  to  induce  osteogenic  differen¬ 
tiation,  as  described  previously  [39,41,42].  Cells  were 
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cultured  for  2  weeks  in  the  presence  and  absence  of 
salubrinal  (0.5  pM),  and  medium  was  changed  every  other 
day.  For  alkaline  phosphatase  (ALP)  staining,  cells  were 
fixed  in  citrate-buffered  acetone  for  30  s,  incubated  in  the 
alkaline-dye  mix  for  30  min,  and  counterstained  with 
Mayer's  Hematoxylin  for  10  min.  Cells  were  then  evaluated 
microscopically  and  the  intensity  of  ALP  staining  was 
determined. 

To  evaluate  the  effects  of  RANKL  administration  on 
multiple  developmental  stages  starting  from  bone  marrow- 
derived  cells  to  mature  osteoclasts,  the  RANKL-driven 
alterations  in  CFU-GM,  CFU-M,  osteoclast  formation, 
migration,  and  adhesion  were  determined  as  fold-changes 
of  the  RANKL-injected  mice  to  the  vehicle  control  mice. 
Furthermore,  to  quantify  efficacy  of  salubrinal  in  various 
developmental  stages  in  osteoclastogenesis,  the  degree  of 
suppression  was  measured  with  reduction  ratios  between 
the  samples  treated  with  and  without  2  pM  salubrinal. 

Expression  analysis  of  NFATcl  in  bone  marrow-derived 
cells  and  RAW264.7  pre-osteoclast  cells 

For  Western  blot  analysis,  RAW264.7  mouse  monocyte/ 
macrophage  cells  (ATCC,  Manassas,  VA,  USA)  were  grown 
in  a-MEM  containing  10%  fetal  bovine  serum  and  antibi¬ 
otics  (50  units/ml  penicillin,  and  50  pg/ml  streptomycin; 
Life  Technologies,  Grand  Island,  NY,  USA).  To  induce 
osteoclastogenesis,  20  ng/ml  of  RANKL  was  administered. 
Bone  marrow-derived  cells  or  RAW264.7  cells  were  lysed 
in  a  radioimmunoprecipitation  assay  (RIPA)  lysis  buffer, 
containing  protease  inhibitors  (Santa  Cruz  Biotechd,  Santa 
Cruz,  CA,  USA)  and  phosphatase  inhibitos  (Calbiochem, 
Billerica,  MA,  USA).  Isolated  proteins  were  fractionated 
using  10%  SDS  gels  and  electro-transferred  to  Immobilon- 
P  membranes  (Millipore,  Billerica,  MA,  USA).  Antibodies 
specific  to  NFATcl  (Santa  Cruz),  and  p-actin  (Sigma)  were 
employed.  Protein  levels  were  assayed  using  a  SuperSignal 
west  femto  maximum  sensitivity  substrate  (Thermo 
Scientific).  The  bands  were  scanned  with  Adobe  Photoshop 
CS2  (Adobe  Systems,  San  Jose,  CA,  USA)  and  their  inten¬ 
sities  were  quantified  using  Image  J. 

In  quantitative  PCR,  total  RNA  was  extracted  using  an 
RNeasy  Plus  mini  kit  (Qiagen,  Germantown,  MD,  USA) 
and  reverse  transcription  was  conducted  with  high  capacity 
cDNA  reverse  transcription  kits  (Applied  Biosystems, 
Carlsbad,  CA,  USA).  Real-time  PCR  was  performed  using 
Power  SYBR  green  PCR  master  mix  kits  (Applied 
Biosystems).  The  PCR  primers  were:  NFATcl  (5-GGT 
GCT  GTC  TGG  CCA  TAA  CT-3';  and  5-GCG  GAA 
AGG  TGG  TAT  CTC  AA-3'),  tartrate-resistant  acid 
phosphatase  (TRACP)  (5'-  TCC  TGG  CTC  AAA  AAG 
CAG  TT  -3';  and  5'-  ACA  TAG  CCC  ACA  CCG  TTC 
TC  -3');  and  GAPDH  (5'-TGC  ACC  ACC  AAC  TGC 
TTA  G-3';  and  5-GGA  TGC  AGG  GAT  GAT  GTT  C-3'), 
in  which  GAPDH  was  used  for  internal  control.  Since 


TRACP  is  highly  expressed  in  osteoclasts,  we  used  its 
mRNA  expression  level  as  a  marker  for  development  of 
osteoclasts.  The  relative  mRNA  abundance  for  the 
selected  genes  with  respect  to  the  level  of  GAPDH  mRNA 
was  expressed  as  a  ratio  of  Sweated/ ^control*  where  Sweated  is 
the  mRNA  level  for  the  cells  treated  with  salubrinal,  and 
^treated  is  the  mRNA  level  for  control  cells. 

Statistical  analysis 

The  data  were  expressed  as  mean  ±  standard  error  of  mean 
(SEM).  Students  £-test  was  conducted  for  two-group 
comparisons.  For  many-group  comparisons,  one-way 
ANOVA  was  used,  followed  by  a  post-hoc  test  using 
Fishers  protected  least  significant  difference.  All  com¬ 
parisons  were  two-tailed,  and  statistical  significance  was 
assumed  at  p  <  0.05.  The  asterisks  (*,  **,  and  ***)  represent 
p  <  0.05,  p  <  0.01,  and  p  <  0.001,  respectively. 

Results 

Evaluation  of  BMD  and  BMC  of  the  OVX  mice  and 
RANKL-injected  mice 

Four-week  daily  administration  of  salubrinal  at  a  dose  of  1 
mg/kg  to  the  OVX  mice  significantly  elevated  both  BMD 
and  BMC  of  a  whole  body  (Figure  1A-B).  Three-day 
administration  of  RANKL  at  a  dose  of  1  mg/kg,  however, 
significantly  decreased  BMD  and  BMC  of  the  humerus 
and  ulna  (N  =  6;  both  p  <  0.05)  (Figure  1C-D).  Using  the 
RANKL-injected  mice,  bones  from  the  Iliac,  femora,  and 
tibiae  were  harvested.  Bone  marrow-derived  cells  were 
collected  from  those  bones  for  examining  the  effects  of 
salubrinal  on  developments  of  osteoclasts  and  osteoblasts. 

Reduction  in  the  number  of  CFU-GM  by  salubrinal  in  a 
dosage-dependent  manner 

To  determine  the  effects  of  salubrinal  on  the  prolifera¬ 
tion  of  osteoclast  progenitors,  the  CFU-GM  assay  was 
conducted  using  bone  marrow- derived  cells  isolated 
from  the  RANKL-injected  mice.  Salubrinal  at  1,  2,  and  5 
pM  reduced  the  total  number  of  CFU-GM  in  the  femur 
in  a  dosage-dependent  manner  (p  <  0.05  for  1  pM 
salubrinal;  p  <  0.01  for  2  pM;  and  p  <  0.001  for  2  &  5 
pM)  in  the  RANKL-injected  mice  (Figure  2A).  The 
CFU-GM  numbers  were  37,177  ±  1,919  (vehicle  control) 
and  53,213  ±  3,545  (RANKL  administration,  p  <  0.001) 
(Figure  2B).  The  CFU-GM  numbers  were  reduced  by 
administration  of  salubrinal  at  2  pM  for  7  days  by  28.5% 
(p  <  0.001)  in  vehicle  control  and  30.8%  (p  <  0.001)  in 
the  RANKL-injected  mice. 

Reduction  in  the  number  of  CFU-M  by  salubrinal  in  a 
dosage  -dependent  manner 

To  determine  the  effects  of  salubrinal  on  the  population 
of  osteoclast  progenitors,  the  CFU-M  assay  was  performed 
using  bone  marrow-derived  cells  isolated  from  the 
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Figure  1  Determination  of  BMD  and  BMC  in  the  OVX  mice  and  RANKL-injected  mice.  A:  Increase  in  BMD  (g/cm2)  of  the  OVX  mice  by 
salubrinal  (N  =  8).  B:  Increase  in  BMC  (g)  of  the  OVX  mice  by  salubrinal  (N  =  8).  C:  Decrease  in  BMD  (g/cm2)  of  the  humerus  and  ulna  of  the 
RANKL-injected  mice  (N  =  6).  D:  Decrease  in  BMC  (g)  of  the  humerus  and  ulna  (N  =  6). 

V  J 


RANKL-injected  mice.  Consistent  with  the  CFU-M 
numbers,  administration  of  salubrinal  at  1,  2,  and  5  pM 
reduced  the  total  number  of  CFU-M  in  the  femur  in  a 
dosage-dependent  manner  (all  p  <  0.001  in  three  dosages) 
(Figure  3A).  The  CFU-M  numbers  were  10,602  ±  396 
(vehicle  control)  and  18,648  ±  760  (RANKL  administration, 
p  <  0.001)  (Figure  3B).  Administration  of  salubrinal  at  2 
pM  for  7  days,  for  instance,  reduced  the  CFU-M  number  by 
41.2%  (p  <  0.001)  in  vehicle  control  and  43.1%  (p  <  0.001) 
in  the  RANKL-injected  mice. 

Suppression  of  osteoclast  differentiation  by  salubrinal  in  a 
dosage-  and  time-dependent  manner 

Compared  to  the  bone  marrow-derived  cells  isolated 
from  the  vehicle  control,  the  cells  from  the  RANKL- 
injected  mice  exhibited  an  increase  in  the  surface  area 
occupied  by  multi-nucleated  osteoclasts  (24.8  ±  1.0%  in 
vehicle  control,  and  36.5  ±  1.3%  in  RANKL  administra¬ 
tion)  (Figure  4A).  A  series  of  images  show  that  the  process 
of  osteoclast  fusion  was  accelerated  by  administration  of 
salubrinal.  To  evaluate  the  effects  of  salubrinal,  three 
dosages  of  salubrinal  (1,  2,  and  5pM)  were  applied.  In 
the  cultures  salubrinal  was  applied  on  day  0  for  6  days, 
administration  of  salubrinal  resulted  in  a  significant 
decrease  in  the  surface  area  covered  by  multi-nucleated 
osteoclasts  for  vehicle  control  (all  p  <  0.001)  and 
RANKL  administration  (all  p  <  0.001)  (Figure  4A).  In  the 
cultures  salubrinal  was  applied  on  day  3  for  4  days,  the 
reduction  of  the  area  was  also  observed  (all  p  <  0.001) 


(Figure  4B).  A  series  of  images  indicate  that  the  cellular 
fusion  was  reduced  by  salubrinal  administration  in  a 
time-and  dose-dependent  manner. 

To  further  evaluate  potential  effects  of  the  period  of 
salubrinal  administration  on  osteoclast  formation,  we 
compared  the  results  of  two  sets  of  experiments  in 
which  salubrinal  at  2  pM  was  administered  from  days  0 
to  6,  and  days  4  to  6.  The  result  revealed  that  salubrinal 
administration  at  day  0  presented  larger  reduction  in 
osteoclast  formation  than  that  at  day  4  in  the  vehicle 
control  and  RANKL-injected  groups  (both  p  <  0.001) 
(Figure  4C). 

Suppression  of  migration  and  adhesion  of  pre-osteoclasts 
by  salubrinal 

Pre-osteoclast  cells  isolated  from  the  RANKL-injected 
mice  were  more  migratory  (304.1  ±  12.2  cells)  than  those 
from  the  vehicle  control  (190.4  ±  5.9  cells,  p  <  0.001), 
and  the  RANKL-driven  increase  was  37.4%  (Figure  5A). 
However,  salubrinal  suppressed  the  amount  of  migration 
by  33.0%  in  vehicle  control  (p  <  0.001)  and  by  53.2% 
in  RANKL  administration  ( p  <  0.001).  In  the  M-CSF 
mediated  adhesion  assay  to  av(33,  the  cells  isolated  from  the 
RANKL-injected  mice  presented  an  increase  in  adhesion 
by  59.8%  (142.5  ±  3.9  cells)  over  those  from  the  vehicle 
control  (57.3  ±  1.8  cells,  p  <  0.001)  (Figure  5B).  Administra¬ 
tion  of  salubrinal  presented  significant  reduction  in  cell 
adhesion  by  32.4%  in  vehicle  control  (p  <  0.001)  and  by 
53.7%  in  RANKL  administration  (p  <  0.001). 
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Figure  2  Effects  of  salubrinal  on  colony-forming  unit- 
granulocyte-macrophage  (CFU-GM).  Approximately  2.5x1 04  bone 
marrow-derived  cells  were  prepared  and  seeded  onto  a  35-mm 
gridded  dish  supplemented  with  30  ng/ml  murine  M-CSF  and  20  ng/ml 
RANKL  Three  dosages  of  salubrinal  (1,  2,  and  5  pM)  were  administered, 
and  cells  were  cultured  for  7  days.  A:  Salubrinal-induced  reduction  in 
CFU-GM  numbers  in  the  RANKL-injected  mice  using  three  dosage  of 
salubrinal.  The  images  exhibit  the  4  different  CFU-GM  cultures,  in  which 
the  circles  indicate  the  colonies.  B:  Comparison  of  CFU-GM  numbers  in 
the  vehicle  control  and  RANKL-injected  mice  with  and  without 
in  vitro  administration  of  salubrinal.  The  representative 
microphotographs  are  shown,  displaying  4  CFU-GM  cultures 
with  colonies  in  circle.  Bar  =  500  pm. 


Promotion  of  osteoblast  differentiation  by  salubrinal 

In  the  CFU-OBL  assay,  a  significant  increase  in  the  number 
of  ALP  positive  cells  was  detected  by  administration  of 
salubrinal  Without  salubrinal,  the  percentage  of  ALP- 
positive  cells  was  18.3  ±  2.3%  in  vehicle  control  and 
20.4  ±  2.0%  in  RANKL  administration  (p  <  0.001)  (Figure  6). 
Administration  of  salubrinal  at  0.5  pM  increased  the 
percentage  of  ALP-positive  cells  to  23.5  ±  1.1%  in  vehicle 
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Figure  3  Effects  of  salubrinal  on  colony-forming  unit-macrophage/ 
monocyte  (CFU-M).  Approximately  2.5x1 04  bone  marrow  mononuclear 
cells  were  prepared  and  seeded  onto  a  35-mm  gridded  dish 
supplemented  with  30  ng/ml  M-CSF  and  20  ng/ml  RANKL  Three 
dosages  of  salubrinal  (1,  2,  and  5  pM)  were  administered  and  cells  were 
cultured  for  7  days.  A:  Salubrinal-induced  reduction  in  CFU-M  numbers 
in  the  RANKL-injected  mice  using  three  dosage  of  salubrinal.  The  images 
exhibit  the  4  different  CFU-M  cultures,  in  which  the  circles  indicate  the 
colonies.  B:  Comparison  of  CFU-M  numbers  in  the  vehicle  control  and 
RANKL-injected  mice  with  and  without  in  vitro  administration  of 
salubrinal.  The  representative  microphotographs  are  shown,  displaying  4 

CFU-M  cultures  with  colonies  in  circle.  Bar  =  500  pm. 

L ' 


control  (p  <  0.05)  and  28.8  ±  2.3%  in  RANKL  administra¬ 
tion  (p  <  0.01)  (Figure  6). 

Downregulation  of  NFATcl  by  salubrinal  in  bone 
marrow-derived  cells  and  RAW264.7  pre-osteoclast  cells 

Bone  marrow-derived  cells  were  incubated  with  RANKL 
in  the  presence  and  absence  of  salubrinal.  Incubation 
with  20  ng/ml  RANKL  markedly  increased  the  level  of 
NFATcl,  a  master  transcription  factor  for  development 
of  osteoclasts,  and  administration  of  1  pM  salubrinal 
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Figure  4  Effects  of  administration  of  salubrinal  on  multi-nucleated  osteoclast  formation.  Using  bone  marrow-derived  cells  isolated 
from  the  vehicle  control  and  RANKL-treated  mice,  an  osteoclast  differentiation  assay  was  performed.  The  culture  medium  was  exchanged 
once  on  day  4  during  the  6-day  experiments.  TRACP-positive  multinuclear  cells  (>  3  nuclei)  were  identified  as  osteoclasts.  The  areas 
covered  by  multi-nucleated  osteoclasts  are  quantified  in  response  to  3  doses  of  salubrinal  (1,  2,  and  5  pM).  The  microphotographs 
represent  the  two  groups  of  osteoclast  cultures  (vehicle  control  and  RANKL  administration)  with  TRACP  staining.  Bar  =  200  pm.  A:  Area 
covered  by  multi-nucleated  osteoclasts  in  response  to  in  vitro  administration  of  salubrinal  from  day  0  to  day  6  (6  days).  B:  Area  covered 
by  multi-nucleated  osteoclasts  in  response  to  in  vitro  administration  of  salubrinal  from  day  4  to  day  6  (3  days).  C:  Fold  change  in 
response  to  2  pM  salubrinal. 


reduced  the  RANKL-driven  increase  in  NFATcl  by  24% 
(Figure  7A).  To  further  evaluate  the  effects  of  salubrinal, 
we  employed  RAW264.7  pre-osteoclast  cells.  Administra¬ 
tion  of  20  ng/ml  RANKL  elevated  the  level  of  NFATcl,  and 
in  response  to  1-20  pM  salubrinal  the  RANKL-induced 
elevation  of  NFATcl  was  reduced  in  a  dose  dependent 
fashion  (Figure  7B).  Furthermore,  the  mRNA  levels  of 
NFATcl  and  TRACP  were  increased  by  RANKL,  and  their 
elevation  was  suppressed  by  administration  of  salubrinal 
(Figure  7C). 


Discussion 

The  present  study  presents  the  beneficial  effect  of  in  vivo 
administration  of  salubrinal  on  BMD  and  BMC  of  the 
OVX  mice,  and  in  vitro  effects  on  the  culture  of  bone 
marrow-derived  cells  isolated  from  the  RANKL-injected 
and  control  mice.  In  the  osteoclast  assays  of  CFU-GM, 
CFU-M,  and  formation  of  multi-nucleation,  salubrinal 
significantly  reduced  the  numbers  of  osteoclastic  colonies 
and  cells  isolated  from  both  the  vehicle  control  and 
RANKL-injected  mice.  In  the  two  sets  of  maturation 
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Figure  5  Effects  of  salubrinal  on  migration  and  adhesion  of 
pre-osteoclasts.  Bone  marrow-derived  cells  (2  x  106/ml)  were 
cultured  in  M-CSF  and  RANKL  in  6-well  plates  for  4  days  to  obtain 
pre-osteoclasts  used  for  the  migration  and  adhesion  assays.  A:  Number 
of  migratory  cells.  Osteoclast  precursor  cells  (1  x  105  cells/well)  were 
loaded  onto  the  upper  chamber  of  transwells  in  the  presence  and 
absence  of  2  pM  salubrinal.  The  bottom  chamber  was  filled  with 
a-MEM  consisting  of  1%  BSA  and  30  ng/ml  of  M-CSF,  and  cells  were 
allowed  to  migrate  to  the  bottom  chamber  through  an  8-pm 
polycarbonate  filter  coated  with  vitronectin.  After  reacting  for  6  h,  the 
cells  in  the  lower  chamber  was  stained  with  crystal  violet  and  counted. 
The  images  display  2  pairs  of  osteoclast  cultures.  Bar  =  200  pm.  B: 
Number  of  adherent  cells.  Ninety-six  well  plates  were  coated  with  5 
pg/ml  vitronectin  and  filled  with  a-MEM  supplemented  with  30  ng/ml 
M-CSF.  Approximately  1  x  1 05  osteoclast  precursor  cells  were  cultured 
per  well  in  the  presence  and  absence  of  2  pM  salubrinal  for  30  min. 
Cells  were  stained  with  crystal  violet  and  the  number  of  cells  adherent 
to  av(33  integrin  was  counted.  Bar  =  200  pm. 


assays,  in  which  salubrinal  was  applied  from  day  0  to  6 
and  from  day  4  to  6,  it  suppressed  both  the  early  and  late 
stages  of  osteoclastogenesis.  This  suppressive  effect  was 
larger  in  the  cells  isolated  from  the  RANKL-injected  mice 
than  the  vehicle  control  mice.  In  addition  to  attenuating 
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control  RANKL 


j 
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Figure  6  Enhanced  osteoblast  development  by  salubrinal  in  the 
CFU-OBL  assay.  Bone  marrow-derived  cells  were  plated  at  2  x  106/ml 
in  6-well  plates  in  osteogenic  differentiation  medium  supplemented 
with  10  nM  dexamethasone,  50  pg/ml  ascorbic  acid  2-phosphate,  and 
10  mM  (3-glycerophosphate.  Cells  were  cultured  for  2  weeks  in  the 
presence  and  absence  of  0.5  pM  salubrinal,  and  medium  was  changed 
every  other  day.  For  alkaline  phosphatase  (ALP)  staining,  cells  were 
fixed  in  citrate-buffered  acetone  for  30  s,  incubated  in  the  alkaline-dye 
mix  for  30  min,  and  counterstained  with  Mayer's  Hematoxylin  for  10 
min.  Cells  were  then  evaluated  microscopically  and  the  intensity  of 
ALP  staining  was  determined.  The  images  display  2  pairs  of 
osteoblast  cultures. 


osteoclastogenesis,  salubrinal  was  able  to  reduce  adhesion 
and  migration  of  osteoclasts.  Furthermore,  it  increased  the 
number  of  CFU-OBL  colonies  suggesting  that  it  not  only 
inhibits  development  of  osteoclasts  but  also  promotes 
development  of  osteoblasts.  Quantitative  PCR  and  Western 
blot  analysis  revealed  that  the  mRNA  and  protein  levels  of 
NFATcl  were  elevated  by  RANKL,  and  this  elevation  was 
suppressed  by  administration  of  salubrinal  in  a  dose 
dependent  fashion. 

In  evaluating  the  effects  of  salubrinal  on  fates  of  HSCs 
and  MSCs  in  bone  marrow-derived  cells,  we  employed 
the  recently  developed  RANKL  administration  model  of 
osteoporosis.  An  advantage  of  this  RANKL  administration 
model  includes  a  short  period  (3  days  in  this  study)  for 
induction  of  osteoclastogenesis,  and  activation  of  multiple 
steps  in  the  development  of  osteoclasts.  In  the  RANK/ 
RANKL/OPG  signaling  pathway,  RANKL  regulates  not 
only  development  of  osteoclasts  but  also  their  activation 
and  survival  [43].  RANKL  is  expressed  in  bone,  bone 
marrow,  and  lymphoid  tissues  including  spleen  that 
houses  osteoclast  precursor  cells  as  macrophages  [44]. 
The  RANKL  administration  model  provided  a  platform  to 
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Figure  7  Suppression  of  RANKL-induced  expression  of  NFATcl 
and  TRACP  by  salubrinal  in  RAW264.7  cells.  A:  Salubrinal-driven 
suppression  of  NFATcl  expression  in  RANKL-stimulated  bone 
marrow-derived  cells.  B:  Dose  dependent  suppression  of  NFATcl  in 
response  to  1  -  20  pM  salubrinal.  (3-actin  was  used  as  a  loading 
control.  C:  Relative  mRNA  levels  of  NFATcl  and  TRACP  in  response 
to  1  -  20  pM  salubrinal.  The  mRNA  levels  are  normalized  by  the 
mRNA  level  of  the  sample  without  salubrinal  in  the  absence  of 
RANKL  stimulation. 


evaluate  efficacy  of  salubrinal  as  a  potential  therapeutic 
agent  for  preventing  osteoclastogenesis  and  bone  resorp¬ 
tion.  Besides  bone  resorption,  however,  RANKL  is  involved 
in  multiple  functions  in  the  immune  system  such  as  prolif¬ 
eration  of  T  cells  and  inhibition  of  apoptosis  of  dendritic 
cells  [45].  It  is  reported  that  overproduction  of  RANKL 
induces  inflammatory  bone  disorders  [46,47].  Thus,  the 
results  from  any  animal  model  including  the  RANKL 
administration  model  should  be  confirmed  by  other 
animal  models  and  eventually  clinical  trial. 

The  regulatory  mechanism  of  salubrinals  action  on 
osteoclastogenesis  is  not  well  understood.  Salubrinal  is 
known  as  an  inhibitor  of  serine/threonine-protein  phos¬ 
phatase  PP1  and  it  elevates  the  phosphorylation  level  of 
eIF2a  (eIF2a-p)  [48].  The  level  of  eIF2a-p  is  upregulated  in 
response  to  various  stresses  including  viral  infection,  nutri¬ 
ent  deprivation,  radiation,  and  stress  to  the  endoplasmic 


reticulum  [49].  To  cope  with  these  cellular  insults  and 
reduce  apoptosis,  the  elevated  eIF2a-p  in  general  lowers 
ribosomes  efficiency  of  protein  synthesis  except  for  a 
group  of  proteins  such  as  ATF4.  Applications  of  salubrinal 
have  been  reported  to  reduce  stress  induced  apoptosis  [50]. 
We  have  previously  shown  that  partial  silencing  of  eIF2a  by 
RNA  interference  reduces  salubrinal-driven  downregulation 
of  NFATcl  in  RAW264.7  cells  [51],  and  the  results  in  this 
study  indicate  that  mRNA  and  protein  expression  of 
NFATcl  is  downregulated  by  salubrinal.  NFATcl  is  a 
member  of  the  NFAT  transcription  factor  family  and  a 
master  transcription  factor  for  osteoclast  development.  It 
is  reported  that  NFATcl -deficient  embryonic  stem  cells 
are  unable  to  differentiate  into  osteoclasts  [52].  He  et  al. 
has  recently  shown  that  NFATcl  expression  is  regulated  at 
a  translational  stage  in  bone  marrow  macrophage  cells, 
and  a  phosphorylation  mutant  plasmid  for  eIF2a  restored 
RANKL-induced  NFATcl  expression  [53].  MafB  (V-maf 
musculoaponeurotic  fibrosarcoma  oncogene  homolog  B), 
IRF8  (interferon  regulatory  factor  8),  and  Bcl6  (V  cell 
lymphoma)  have  been  mentioned  as  inhibitors  of  NFATcl 
[54-56].  Further  analysis  is  necessary  for  identification  of 
the  mechanism  of  salubrinals  action  on  NFATcl,  which  is 
possibly  regulated  by  eIF2a  alone  or  any  other  mediators. 


Conclusions 

It  is  premature  to  draw  any  conclusion  on  development  of 
a  potential  therapeutic  agent  for  treatment  of  osteoporosis, 
but  salubrinal  possesses  several  unique  features.  First,  it  is 
a  small  synthetic  chemical  agent,  which  can  be  taken  as  an 
oral  pill.  Second,  it  has  a  dual  role  of  stimulation  of  bone 
formation  and  attenuation  of  bone  resorption.  Third,  its 
effects  are  stronger  in  the  cells  isolated  from  the  osteoporotic 
RANKL-injected  mice  than  those  from  the  control  mice. 
Fourth,  it  presents  dose  dependent  efficacy  in  preventing 
osteoclastogenesis  throughout  a  developmental  stage 
including  proliferation,  multi- nucleation,  and  maturation, 
as  well  as  migration  and  adhesion.  The  results  herein 
support  the  possibility  of  preventing  bone  loss  through 
salubrinal-driven  regulation  of  bone  marrow- derived  cells. 
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elF2a;  NFkB:  Nuclear  factor  kappa  B;  ATF4:  Activating  transcription  factor  4; 
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Prevention  of  glucocorticoid  induced-apoptosis  of  osteoblasts  and  osteocytes  by 
protecting  against  endoplasmic  reticulum  (ER)  stress. 

Sato  A.1  Plotkin  L. 1  Bellido  T.1’2’3 

department  of  Anatomy  &  Cell  Biology,  department  of  Medicine,  Division  of 
Endocrinology,  Indiana  University  School  of  Medicine,  Indianapolis,  IN,  3Roudebush 
Veterans  Administration  Medical  Center,  Indianapolis,  IN. 

Increased  oxidative  stress,  such  as  with  excess  of  glucocorticoids  (GC)  or  during  aging, 
has  been  associated  with  endoplasmic  reticulum  (ER)  stress,  due  to  accumulation  of 
misfolded  or  unfolded  proteins,  leading  to  cellular  apoptosis.  The  double-stranded  RNA- 
activated  protein  kinase-like  ER  kinase  (PERK)  is  activated  to  alleviate  ER  stress  and 
phosphorylates  the  eukaryotic  translation  initiation  factor  2  alpha  subunit  (elF2a). 
Phosphorylated  elF2a  in  turn  inhibits  global  protein  translation  to  provide  time  to  the  ER 
to  recover  from  the  unfolded  protein  load,  promoting  cell  viability.  We  hypothesized  that 
the  pro-apoptotic  effect  of  GC  on  osteoblasts  and  osteocytes  are  at  least  in  part  due  to 
induction  of  ER  stress.  To  test  this  hypothesis,  we  used  MLO-Y4  osteocytic  cells,  OB-6 
osteoblastic  cells,  and  primary  osteoblastic  cells  derived  from  neonatal  murine  calvaria. 
We  found  that  the  synthetic  GC  dexamethasone  (DEX)  significantly  increased  the 
percentage  of  apoptotic  cells  in  cultures  of  MLO-Y4,  OB-6,  and  primary  osteoblastic 
cells.  Similarly,  the  specific  ER-stress  inducing  agents  brefeldin  A,  an  inhibitor  of  ER- 
golgi  apparatus  vesicle  transport,  and  tunicamycin,  a  protein  glycosylation  inhibitor, 
significantly  increased  OB-6  cell  apoptosis.  We  then  tested  the  effect  of  salubrinal,  an 
agent  that  protects  against  ER  stress  by  inhibiting  the  dephosphorylation  of  elF2a,  on 
bone  cell  apoptosis.  Salubrinal  blocked  apoptosis  induced  by  the  ER  stressors  brefeldin 
A  and  tunicamycin  in  OB-6  cells.  Salubrinal  was  also  effective  in  blocking  apoptosis 
induced  by  DEX  in  MLO-Y4,  OB-6  and  primary  osteoblastic  cells.  Optimal  responses 
were  found  at  10  pM  salubrinal,  after  either  6  or  24  h.  Guanabenz,  another  inhibitor  of 
elF2a  dephosphorylation,  also  blocked  DEX  and  tunicamycin-induced  apoptosis  of 
primary  osteoblastic  cells.  Furthermore,  addition  of  DEX  to  mineralizing  OB-6  or  primary 
osteoblastic  cells  markedly  decreased  mineral  deposition  and  hydroxyapatite  formation. 
In  contrast,  treatment  with  guanabenz  increased  mineralization  of  OB-6  cell  cultures 
and  prevented  the  inhibitory  effect  of  DEX.  We  conclude  that  part  of  the  pro-apoptotic 
actions  of  GC  on  osteoblastic  cells  are  mediated  through  ER  stress  and  that 
interventions  that  prevent  dephosphorylation  of  elF2a  could  potentially  prevent  the 
deleterious  effects  of  GC  on  bone. 
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Endoplasmic  reticulum  (ER)  stress  is  associated  with  increased  reactive  oxygen  species  (ROS),  results  from  accu¬ 
mulation  of  misfolded/unfolded  proteins,  and  can  trigger  apoptosis.  ER  stress  is  alleviated  by  phosphorylation  of 
eukaryotic  translation  initiation  factor  2a  (eIF2a),  which  inhibits  protein  translation  allowing  the  ER  to  recover, 
thus  promoting  cell  viability.  We  investigated  whether  osteoblastic  cell  apoptosis  induced  by  glucocorticoids 
(GCs)  is  due  to  induction  of  ROS/ER  stress  and  whether  inhibition  of  eIF2a  dephosphorylation  promotes  survival 
opposing  the  deleterious  effects  of  GC  in  vitro  and  in  vivo.  Apoptosis  of  osteocytic  MLO-Y4  and  osteoblastic  OB-6 
cells  induced  by  dexamethasone  was  abolished  by  ROS  inhibitors.  Like  GC,  the  ER  stress  inducing  agents  brefeldin 
A  and  tunicamycin  induced  osteoblastic  cell  apoptosis.  Salubrinal  or  guanabenz,  specific  inhibitors  of  eIF2a 
dephosphorylation,  blocked  apoptosis  induced  by  either  GC  or  ER  stress  inducers.  Moreover,  GC  markedly  decreased 
mineralization  in  OB-6  cells  or  primary  osteoblasts;  and  salubrinal  or  guanabenz  increased  mineralization  and 
prevented  the  inhibitory  effect  of  GC.  Furthermore,  salubrinal  (1  mg/kg/day)  abolished  osteoblast  and  osteocyte  ap¬ 
optosis  in  cancellous  and  cortical  bone  and  partially  prevented  the  loss  of  BMD  at  all  sites  and  the  decreased  verte¬ 
bral  cancellous  bone  formation  induced  by  treatment  with  prednisolone  for  28  days  (1.4  mg/kg/day).  We  conclude 
that  part  of  the  pro-apoptotic  actions  of  GC  on  osteoblastic  cells  is  mediated  through  ER  stress,  and  that  inhibition  of 
eIF2a  dephosphorylation  protects  from  GC-induced  apoptosis  of  osteoblasts  and  osteocytes  in  vitro  and  in  vivo  and 
from  the  deleterious  effects  of  GC  on  the  skeleton. 

©  2014  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Excess  of  glucocorticoids  (GCs),  either  endogenous  as  in  aging  or  due 
to  glucocorticoid  administration  as  immunosuppressants,  leads  to  loss 
of  bone  [1  ].  Chronic  GC  therapy  is  prescribed  for  a  multitude  of  medical 
conditions  including  autoimmune  diseases  such  as  rheumatoid  arthritis, 
organ  transplants,  asthma,  as  a  component  of  cancer  chemotherapies, 
and  a  variety  of  inflammatory  afflictions  [2,3].  Patients  with  chronic 
GC  exposure  exhibit  a  consistent  reduced  bone  formation  rate  and 
histomorphometric  features  of  increased  bone  resorption  [1,4,5]. 
Studies  with  experimental  animals  in  which  GC  action  is  blocked  in 
osteoclasts  or  in  osteoblasts/osteocytes  support  the  notion  that 
GC-induced  bone  loss  occurs  in  two  phases:  an  early  bone  loss  caused 
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by  osteoclast-driven  bone  resorption,  followed  by  a  steady  decline  in 
both  bone  formation  and  bone  resorption  [6-8].  Between  30  to  50%  of 
patients  experience  at  least  one  bone  fracture,  with  the  consequent 
morbidity  and  mortality.  Approximately  25%  of  patients  also  develop 
osteonecrosis  due  to  accumulation  of  apoptotic  osteocytes,  which  in¬ 
creases  the  risk  of  femoral  head  collapse  [9].  Thus,  understanding  the 
mechanisms  of  GC  action  on  bone  cells  and  designing  therapeutic  strat¬ 
egies  that  prevent  the  deleterious  effects  of  these  drugs  are  imperative. 

Increased  apoptosis  of  osteoblasts  and  osteocytes  is  one  of  the  mech¬ 
anisms  that  underlie  the  reduced  bone  formation  and  bone  fragility  that 
characterize  GC-induced  osteoporosis  [1].  Apoptosis  by  GC  is  due  to 
direct  hormonal  effects  on  osteoblasts  and  osteocytes  [10-12]  and  is 
abolished  by  overexpressing  in  these  cells  the  enzyme  that  inactivates 
GC,  llbeta-hydroxysteroid  dehydrogenase  type  2  [7].  The  pro-apoptotic 
effects  of  GC  are  mediated  through  the  classical  GC  receptor  and  are  trig¬ 
gered  by  rapid  activation  of  the  kinases  Pyl<2  and  JNK  [11].  GC-induced 
JNK  phosphorylation  lies  downstream  of  increased  reactive  oxygen 
species  (ROS)  generation  and  subsequent  activation  of  pro-apoptotic 
signaling  in  osteoblasts  [13].  Phosphorylation  of  eukaryotic  translation 
initiation  factor  2a  (eIF2a)  by  double-stranded  RNA-activated  protein 
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kinase-like  ER  kinase  (PERK)  protects  cells  from  oxidative  stress  and  ap¬ 
optosis  under  ER  stress  conditions  [14].  Phosphorylated  eIF2a  slows 
global  rate  of  protein  translation  to  provide  time  for  the  ER  to  recover 
from  the  excessive  protein  load,  allowing  the  cell  to  escape  from  apopto¬ 
sis  [14,15].  Earlier  findings  showed  that  selective  inhibition  of  eIF2a 
phosphatases  with  salubrinal  or  guanabenz  protects  from  apoptosis 
induced  by  ER  stress  [16,17].  Salubrinal  increases  the  levels  of  phosphor¬ 
ylated  eIF2a  and  protects  PCI  2  pheochromocytoma  cells  from  apoptosis 
induced  by  the  ER  stressor  tunicamycin,  in  a  dose  dependent  manner  at 
concentrations  varying  from  1-100  juM  [16].  Further,  guanabenz,  another 
eIF2a  phosphatase  inhibitor,  antagonizes  the  effect  of  tunicamycin  on 
several  cell  types  at  concentrations  up  to  50  juM  [17].  We  hypothesized 
that  the  pro-apoptotic  effect  of  GC  on  osteoblasts  and  osteocytes  is  at 
least  in  part  due  to  induction  of  ER  stress,  and  we  investigated  here 
whether  the  compounds  salubrinal  and  guanabenz  that  inhibit  eIF2a 
dephosphorylation  will  promote  osteoblastic  cell  viability  and  oppose 
the  deleterious  effects  of  GC  in  vitro  and  in  vivo. 

Materials  and  methods 

Cell  lines 

Primary  osteoblastic  cells  were  isolated  from  the  neonatal  calvarial 
bones  of  C57BL/6  mice,  as  previously  published  [18].  Murine  primary 
osteoblastic  cells,  bone  marrow-derived  OB-6  osteoblastic  cells,  and 
MLO-Y4  osteocytic  cells  were  cultured  as  previously  described  [19,20]. 

Quantification  of  cell  detachment,  apoptosis,  and  cell  viability 

Cell  and  nuclear  morphology  was  quantified  in  MLO-Y4  osteocytic 
cells  stably  transfected  with  green  fluorescent  protein  targeted  to  the 
nucleus  (nGFP),  as  published  [11  ].  Briefly,  cell  detachment  was  assessed 
by  quantifying  the  number  of  cytoplasmic  processes  per  cell.  Cells  were 
then  categorized  into  one  of  two  groups:  having  3  or  less  processes  or 
having  more  than  3  processes;  and  data  is  reported  as  percentage  of 
cells  with  3  or  less  processes.  Apoptosis  was  evaluated  by  quantifying 
the  percentage  of  cells  with  chromatin  condensation  and  nuclear 
fragmentation  in  the  same  cultures.  Data  is  reported  as  percentage  of 
apoptotic  cells. 

Cells  were  treated  with  the  anti-oxidant  agents  N-acetyl  cysteine 
(NAC,  10  mM),  ebselen  (20  pM),  or  catalase  (1250  U/ml),  the  eIF2a 
phosphatase  inhibitors  salubrinal  (1-100  pM)  and  guanabenz  (10  pM) 
[16,17],  the  bisphosphonate  alendronate  (0.1  pM),  or  corresponding 
vehicle  (named  control  in  the  figures),  for  1  h.  Subsequently,  cells 
were  exposed  to  the  pro-apoptotic  agents  dexamethasone  (1  pM), 
etoposide  (50  pM),  brefeldin  A  (2.7  pM),  or  tunicamycin  (2.7  pM)  or  cor¬ 
responding  vehicle  (named  vehicle  in  the  figures),  for  the  indicated 
times.  Cell  viability  was  assessed  by  trypan  blue  uptake  as  previously 
published  [11,18].  Cells  that  excluded  the  dye  were  considered  alive, 
and  stained  cells  were  considered  dead.  Data  is  reported  as  the  percent¬ 
age  of  dead  cells. 

Mineralization  assay 

Primary  osteoblasts  or  OB-6  cells  were  plated  at  a  density  of  5000 
cells/cm2  in  growth  medium  consisting  of  MEM  Alpha  medium  supple¬ 
mented  with  10%  fetal  bovine  serum  and  1%  penicillin/streptomy¬ 
cin.  Once  cultures  reached  confluence,  medium  was  replaced  by 
osteogenic  medium  containing  50  pg/ml  ascorbic  acid  and  10  mM 
(3-glycerophosphate  together  with  1  pM  dexamethasone  or  its  cor¬ 
responding  vehicle  (ethanol),  and  10  pM  salubrinal  or  guanabenz 
or  the  corresponding  vehicle  (DMSO).  Medium  was  replaced 
every  2-3  days.  Mineralization  was  visualized  using  von  Kossa 
phosphate  staining  [21],  Alizarin  Red  S  (Sigma-Aldrich)  stain¬ 
ing  [22],  or  Osteolmage  Mineralization  Assay  Kit  (Lonza). 
Mineralization  was  quantified  using  a  microplate  reader  for  Alizarin 


Red  S  staining  (405  nm  absorbance)  and  Lonza  staining  (492/520  nm 
excitation/emission  fluorescence). 

In  vivo  study 

C57BL/6  female  mice  (n  =  7-11  per  group)  were  purchased  from 
Harlan  (Indianapolis,  IN).  After  a  2  week  acclimation  period,  four- 
month-old  mice  were  implanted  with  60  day  slow-release  pellets  deliv¬ 
ering  placebo,  1.4  mg/kg/day  (GC1)  prednisolone,  or  2.1  mg/kg/day 
(GC2)  prednisolone  (Innovative  Research  of  America,  Sarasota,  FL) 
while  under  isoflurane  anesthesia.  For  this,  a  small  area  between  the 
shoulder  blades  was  shaved  and  cleaned  with  70%  EtOH  prior  to  inci¬ 
sion.  Daily  subcutaneous  injections  of  salubrinal  (1  mg/kg/day,  Tocris 
Bioscience,  USA)  or  equal  volume  of  vehicle  (propylene  glycol,  Sigma- 
Aldrich,  named  control)  began  3  days  prior  to  pellet  implantation  and 
continued  until  experiment  termination.  An  additional  group  of  GC2 
implanted  mice  (n  =  10)  received  5.25  mg/kg/week  alendronate  sub¬ 
cutaneous  injections  starting  3  days  before  pellet  implantation.  Mice 
were  sacrificed  28  days  after  pellet  implantation.  Institutional  Animal 
Care  and  Use  Committee  at  Indiana  University  School  of  Medicine  ap¬ 
proved  all  animal  procedures. 

Bone  mineral  density  (BMD )  measurements 

BMD  was  determined  in  live  mice  by  dual-energy  x-ray  absorp¬ 
tiometry  (DXA)  scanning  using  a  PIXImus  II  densitometer  (G.E. 
Medical  Systems,  Lunar  Division,  Madison,  WI)  [23].  Experimental 
group  assignment  was  randomized  by  basal  spine  BMD  determined 
by  DXA  scanning  performed  5  days  prior  to  pellet  implantation.  DXA 
scanning  was  also  performed  28  days  after  pellet  implantation. 

Bone  histomorphometry  and  apoptosis 

Distal  femora  were  fixed  inl0%  neutral  buffered  formalin.  After  48  h 
in  fixative,  samples  were  transferred  to  70%  ethanol,  and  then  embed¬ 
ded  undecalcified  in  methyl  methacrylate  as  previously  described  [12]. 
Dynamic  histomorphometry  measurements  were  performed  in  7-pm 
unstained  bone  sections  under  epifluorescence  microscopy.  For  this 
purpose,  0.6%  calcein  and  1.0%  alizarin  red  solutions  were  intraperitone- 
ally  injected  8  and  3  days  prior  to  sacrifice.  Histomorphometric  analysis 
was  performed  with  a  computer  and  digitizer  tablet  (OsteoMetrics, 
Decatur,  GA)  interfaced  to  an  Olympus  BX51  fluorescence  micro¬ 
scope  (Olympus  America  Inc.,  Melville,  NY)  with  a  drawing  tube  at¬ 
tachment  [24].  Apoptotic  cells  were  detected  by  transferase- 
mediated  biotin-dUTP  nick  end-labeling  (TUNEL)  reaction  in 
undecalcified  longitudinal  sections  of  the  distal  femur,  as  previous¬ 
ly  described  [12].  Analysis  was  performed  in  cancellous  and  cortical 
bone,  starting  200  pm  below  the  growth  plate  and  ending  at  the 
mid-diaphysis. 

Statistical  analysis 

Data  is  expressed  as  means  d=  standard  deviation  (SD).  Sample 
differences  were  assessed  using  SigmaPlot  12.0  (Systat  Software  Inc., 
San  Jose,  CA),  following  the  appropriate  method  for  each  measurement, 
as  indicated  in  the  figure  legends.  Means  were  considered  significantly 
different  at  p  <  0.05. 

Results 

Glucocorticoids  induce  apoptosis  of  osteocytic  and  osteoblastic  cells  by 
generating  ROS 

The  synthetic  glucocorticoid  dexamethasone  induced  retraction  of 
osteocytic  MLO-Y4  cytoplasmic  processes,  an  early  sign  of  cell  detach¬ 
ment  that  triggers  apoptosis  (anoikis)  [11  ],  as  revealed  by  a  reduction 
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in  the  percentage  of  cells  exhibiting  3  or  more  cytoplasmic  projections 
(Fig.  1A).  Dexamethasone  also  induced  apoptosis  of  MLO-Y4  osteocytic 
cells,  as  quantified  by  evaluating  chromatin  condensation  and  nuclear 
fragmentation  (Figs.  IB  and  C).  Further,  dexamethasone  increased  the 
percentage  of  MLO-Y4  and  OB-6  osteoblastic  cells  exhibiting  trypan 
blue  uptake  (Fig.  ID),  another  sign  of  apoptotic  cell  death  induced 
by  GC  previously  shown  to  be  blocked  by  inhibiting  caspase  3 
activity  [11,12,18].  Pre-treatment  with  the  anti-oxidants  NAC,  ebselen, 
or  catalase  prevented  GC-induced  apoptosis  of  either  cell  type,  although 
for  OB-6  cells  the  inhibitory  effect  of  catalase  was  incomplete. 

Inhibition  of  eIF2a  dephosphorylation  with  salubrinal  and  guanabenz 
prevents  apoptosis  induced  by  glucocorticoids ,  etoposide,  and  ER  stressors 
in  osteoblastic  cells 

Because  ROS  induce  ER  stress,  we  next  investigated  whether  reduc¬ 
tion  of  ER  stress  by  inhibiting  eIF2a  dephosphorylation  with  salubrinal 
was  able  to  prevent  apoptosis  induced  by  dexamethasone  or  etoposide, 
another  proapoptotic  stimulus  that  induces  apoptosis  by  inhibiting 
topoisomerase  II  and  DNA  repair.  Dexamethasone  or  etoposide  consis¬ 
tently  increased  MLO-Y4  and  OB-6  cell  death  (Fig.  2).  Salubrinal 


did  not  significantly  affect  cell  viability,  except  for  increasing  trypan 
blue  uptake  of  MLO-Y4  cells  at  100  juM  for  6  h  (Fig.  2A).  The  mechanism 
behind  the  decreased  viability  induced  by  high  concentrations  of 
salubrinal  is  not  known.  However,  it  might  be  related  to  a  transient 
increase  in  the  expression  of  pro-apoptotic  protein  CHOP  as  found  by 
Zhang  et  al.  in  MC3T3  osteoblastic  cells  [25].  Further,  1-100  pM 
salubrinal  prevented  cell  death  induced  by  dexamethasone  in  both 
MLO-Y4  and  OB-6  cells  (Figs.  2A  and  B).  Salubrinal  also  inhibited  the 
effects  of  etoposide,  but  with  less  efficiency.  The  1 0  pM  salubrinal  con¬ 
centration  was  used  for  subsequent  experiments  as  it  consistently 
prevented  dexamethasone-induced  apoptosis  in  MLO-Y4  and  OB-6 
cells  at  both  6  and  24  h  time  points.  Salubrinal  and  guanabenz,  another 
inhibitor  of  eIF2a  dephosphorylation,  also  inhibited  apoptosis  of  OB-6 
osteoblastic  cells  and  primary  osteoblasts  induced  by  the  inducers 
of  ER  stress  brefeldin  A,  an  inhibitor  the  ER/Golgi  apparatus  vesicle 
transport,  and  tunicamycin,  a  protein  glycosylation  inhibitor  [16] 
(Figs.  3A-C).  In  contrast,  alendronate,  an  agent  previously  shown  to 
effectively  inhibit  apoptosis  of  osteocytic  MLO-Y4  cells,  osteoblastic 
OB-6  cells,  and  primary  calvaria  derived  osteoblasts  induced  by  dexa¬ 
methasone  or  etoposide  [12,23,26],  was  unable  to  prevent  the  increase 
in  OB-6  cell  death  induced  by  the  ER  stress  inducers  (Fig.  3B). 
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Fig- 1.  Glucocorticoid-induced  apoptosis  of  osteocytic  and  osteoblastic  cells  is  prevented  by  inhibiting  ROS  generation.  (A-D)  Cells  were  exposed  to  vehicle  (ethanol)  or  dexamethasone 
for  6  h.  (A)  Quantification  of  cytoplasmic  retraction  in  stably  transfected  nGFP  MLO-Y4  cells  treated  with  or  without  NAC  for  1  h  prior  to  addition  of  dexamethasone.  (B)  Apoptosis 
quantification  of  nGFP-transfected  MLO-Y4  cells.  (C)  Representative  images  of  nGFP-expressing  MLO-Y4  osteocytic  cells  treated  with  vehicle  or  dexamethasone  showing  changes  in 
cell  morphology,  chromatin  condensation,  and  nuclear  fragmentation.  Lines  correspond  to  200  pm.  (D)  Quantification  of  cell  death  in  MLO-Y4  osteocytic  or  OB-6  osteoblastic  cells  with 
or  without  pretreatment  of  the  indicated  anti-oxidant  agent,  assessed  by  trypan  blue  uptake.  Bars  represent  the  means  ±  SD  of  N  =  3  independent  wells/treatment.  *p  <  0.05  vs.  the 
corresponding  vehicle-treated  cells,  by  one-way  ANOVA. 
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Fig.  2.  Protection  against  ER  stress  with  saiubrinal  prevents  dexamethasone  and  etoposide  induced  apoptosis  of  osteocytic  MLO-Y4  and  osteoblastic  OB-6  cells.  Cell  death  quantification  in 
MLO-Y4  osteocytic  (A)  or  OB-6  osteoblastic  (B)  cells  treated  with  or  without  saiubrinal  prior  to  addition  of  vehicle,  dexamethasone,  or  etoposide,  assessed  by  trypan  blue  uptake.  Bars 
represent  the  means  ±  SD  of  N  =  3  samples  per  treatment.  *p  <  0.05  vs.  cells  treated  with  vehicle  without  saiubrinal  and  #p  <  0.05  vs.  corresponding  apoptotic  agent  without  saiubrinal 
for  each  time  point,  by  one-way  ANOVA. 


Saiubrinal  andguanabenz  ameliorate  the  inhibitory  effects  of  glucocorticoids 
on  matrix  mineralization 

We  next  investigated  whether  inhibitors  of  the  ER  stress  alter  the 
effects  of  GC  on  matrix  mineralization.  GC  decreased  mineral  deposition 
in  OB-6  osteoblastic  cells  cultured  under  osteogenic  conditions,  as 
shown  by  staining  with  von  Kossa  (that  detects  phosphate)  or  Alizarin 
Red  S  (that  detects  calcium)  (Figs.  4A  and  B),  or  in  primary  osteoblasts 
measured  by  hydroxyapatite  accumulation  (Fig.  4C).  Treatment  with 
saiubrinal  or  guanabenz  increased  mineralization  of  OB-6  cells 
(Figs.  5A  and  B).  Further,  either  compound  partially  prevented  the  de¬ 
creased  mineralization  induced  by  GC  in  OB-6  or  primary  osteoblasts 
(Fig.  5).  Thus,  saiubrinal  increased  mineral  content  in  cells  treated 
with  GC  compared  to  GC  alone  after  7  and  10  days  of  culture  (Fig.  5A). 
However,  saiubrinal  treatment  could  not  block  GC  reductions  in 


mineralization  after  14  days  of  GC  exposure,  but  guanabenz  remained 
effective  throughout  the  two  week  GC  treatment  period  (Figs.  5A-C). 

Saiubrinal  protects  against  osteoblast  and  osteocyte  apoptosis  in  vivo  and 
partially  prevents  the  bone  loss  induced  by  glucocorticoids 

We  next  investigated  whether  inhibition  of  eIF2a  dephosphoryla¬ 
tion  promoted  bone  cell  viability  also  in  vivo.  Guanabenz  appeared  to 
be  more  potent  in  opposing  the  in  vitro  effects  of  GC  compared  to 
saiubrinal.  However,  guanabenz  is  also  an  a2  adrenergic  receptor 
agonist  used  in  the  treatment  of  hypertension  [27].  To  avoid  potential 
skeletal  effects  of  activating  these  receptors,  we  decided  to  use 
saiubrinal  for  the  in  vivo  study.  C57BL/6  female  mice  implanted  with 
pellets  containing  two  different  doses  of  the  GC  prednisolone  (GC1  = 
1.4  or  GC2  =  2.1  mg/kg/day)  received  daily  injections  of 
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Fig.  3.  Saiubrinal  or  guanabenz  protects  from  apoptosis  induced  by  dexamethasone,  etoposide,  and  ER  stressors  in  osteoblastic  cells.  Cell  death  quantification  in  OB-6  osteoblastic  (A  and 
B)  or  primary  osteoblastic  (C)  cells  treated  with  or  without  anti-apoptotic  agents  saiubrinal,  alendronate,  or  guanabenz  prior  to  addition  of  dexamethasone  (dex),  etoposide  (etop), 
brefeldin  A  (breA),  tunicamycin  (tm),  or  vehicle  (veh).  Bars  represent  the  means  ±  SD  of  N  =  3  samples  per  group.  *p  <  0.05  vs.  veh-treated  cells  and  #p  <  0.05  vs.  corresponding  apoptotic 
agent  without  designated  eIF2a  phosphatase  inhibitor  for  each  time  point,  by  Student's  t- test  in  (A)  and  (C)  and  by  one-way  ANOVA  in  (B). 
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Fig.  4.  Glucocorticoid  decreases  matrix  mineralization  in  cultures  of  osteoblastic  cells  and  primary  osteoblasts.  (A  and  B)  OB-6  osteoblastic  cells  cultured  with  or  without  dexamethasone 
(dex)  and  the  degree  of  mineralization  was  assessed  by  von  Kossa  staining  for  8  days  (A)  and  by  Alizarin  Red  S  staining  for  1  or  2  weeks  (B).  (C)  Calvaria-derived  osteoblastic  cells  were 
cultured  with  or  without  osteogenic  medium  for  1  or  2  weeks  together  with  vehicle  (veh)  or  dexamethasone  (dex)  and  mineralization  was  assessed  using  the  Osteolmage  Mineralization 
Assay  Kit.  Lines  correspond  to  200  pm.  Bars  represent  the  means  ±  SD  of  N  =  3  for  (A)  and  (B),  N  =  6  for  (C)  samples  per  group.  *p  <  0.05  vs.  veh-treated  cells  in  corresponding  medium 
condition  for  each  time  point,  by  two-way  ANOVA. 
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Fig.  5.  Salubrinal  and  guanabenz  ameliorate  the  inhibitory  effects  of  GC  on  matrix  mineralization.  (A)  Mineralization  was  determined  in  vehicle  (veh)  or  dexamethasone  (dex)  treated 
differentiated  OB-6  cells  without  (control)  or  with  salubrinal  (sal)  pre-treatment  for  7, 10,  and  14  days  by  Alizarin  Red  S  staining.  (B)  and  (C)  quantification  of  mineralization  in  OB-6 
(B)  and  calvaria-derived  (C)  osteoblastic  cells  treated  with  vehicle  or  dexamethasone  with  or  without  guanabenz  (gz)  for  the  indicated  incubation  periods.  Hydroxyapatite  accumulation 
was  measured  by  Osteolmage  Mineralization  Assay  Kit.  Lines  correspond  to  400  pm.  Bars  represent  the  means  ±  SD  of  N  =  3  for  (A)  and  N  =  12  for  (B-C).  *p  <  0.05  vs.  veh-treated  control 
cells  and  #p  <  0.05  vs.  dex-treated  control  cells,  by  one-way  ANOVA. 


salubrinal  (1  mg/kg/day).  Mice  treated  with  prednisolone  exhibited 
increased  apoptosis  of  osteoblasts  in  cancellous  bone  and  of  osteocytes 
in  both  cancellous  and  cortical  bone  (Fig.  6A).  Salubrinal  completely 
blocked  GC1  -induced  apoptosis  of  both  osteoblasts  and  osteocytes, 
whereas  it  only  partially  prevented  the  increase  in  GC2-induced  apo¬ 
ptosis  of  osteoblasts  and  did  not  inhibit  GC2-induced  osteocyte  apopto¬ 
sis.  On  the  other  hand  and  consistent  with  previous  findings  [23], 
alendronate  effectively  prevented  GC2-induced  apoptosis  of  both  oste¬ 
oblasts  and  osteocytes  in  cancellous  bone,  although  it  did  not  inhibit 
GC2-induced  cortical  osteocyte  apoptosis.  Administration  of  predniso¬ 
lone  induced  a  significant  decrease  in  BMD  in  total  body,  spine,  and 


femur,  at  both  doses  compared  to  placebo  (Fig.  6B).  Mice  implanted 
with  placebo  pellets  and  treated  with  salubrinal  lost  significantly  less 
spinal  BMD  compared  to  those  treated  with  vehicle.  Similarly,  mice  im¬ 
planted  with  GC1  pellets  and  injected  with  salubrinal  lost  significantly 
less  bone  compared  to  mice  implanted  with  GC1  pellets  and  injected 
with  vehicle.  On  the  other  hand,  salubrinal  did  not  prevent  the  loss  of 
bone  induced  by  GC2.  In  contrast,  inhibition  of  resorption  with 
alendronate  not  only  prevented  GC2-induced  bone  loss,  as  previously 
shown  [23],  but  also  increased  BMD  over  placebo  treated  mice.  More¬ 
over,  GC1  and  GC2  reduced  bone  formation  rate  (BFR)  in  cancellous 
bone  by  a  combination  of  reduction  in  MS/BS  and  in  MAR  (Fig.  6C). 
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Fig.  6.  Salubrinal  protects  against  glucocorticoid-induced  apoptosis  and  consequent  bone  loss  in  vivo.  (A)  TUNEL  and  (C)  dynamic  histomorphometric  data  was  obtained  from  longitudinal 
distal  femur  sections.  Representative  images  of  fluorochrome  labeled  bones  are  shown.  Bars  correspond  to  50  pm.  (B)  BMD  percent  changes  for  placebo,  1.4  mg/kg/day  prednisolone 
(GC1),  or  2.1  mg/kg/day  prednisolone  (GC2)  pellet  implanted  mice  with  or  without  salubrinal  intervention  were  determined  by  DXA  analysis.  Bars  represent  the  means  ±  SD  of 
N  =  7-10  for  (A)  and  (C)  and  N  =  6-10  for  (B).  Statistical  analysis  for  placebo,  GC1,  and  GC2  treated  mice  treated  with  vehicle  (control)  or  salubrinal  was  performed  by  two-way 
ANOVA.  *p  <  0.05  vs.  placebo  mice  injected  with  vehicle  (control)  or  salubrinal.  #p  <  0.05  vs.  the  corresponding  GC  treated  mice  injected  with  vehicle  (control).  The  effect  of  alendronate 
on  GC2  treated  mice  was  analyzed  by  comparing  placebo,  GC2,  and  GC2  plus  alendronate  by  one-way  ANOVA.  *p  <  0.05  vs.  placebo  mice  injected  with  vehicle  (control)  and  #p  <  0.05  vs. 
GC2  treated  mice  injected  with  vehicle  (control). 


Salubrinal  reversed  the  decreased  BFR  induced  by  GC1  but  not  GC2. 
Alendronate  reduced  further  GC2-mediated  inhibition  of  BFR  by  de¬ 
creasing  both  MS/BS  and  MAR. 

Discussion 

Apoptosis  of  osteoblasts  and  osteocytes  contributes  to  the  reduced 
bone  formation  and  increased  bone  fragility  in  glucocorticoid-induced 
osteoporosis  [6,7,9].  Therefore,  understanding  the  mechanisms  by 
which  GCs  induce  apoptosis  of  osteoblastic  cells  is  critical  for  the  devel¬ 
opment  of  intervention  therapies.  Earlier  studies  demonstrated  that 
apoptosis  of  osteocytes  and  osteoblasts  is  caused  by  loss  of  attachment 


to  the  extracellular  matrix  mediated  by  inside-out  signaling  down¬ 
stream  of  Pyk2/JNI<  kinases  [11  ]  and  that  GCs  increase  ROS  production 
in  bone  in  vivo  and  in  osteoblastic  cells  in  vitro  [13].  We  investigated 
in  this  study  the  effect  on  GC  action  of  salubrinal  and  guanabenz, 
eIF2a  dephosphorylation  inhibitors  that  block  ROS-induced  ER  stress 
[16,17].  These  compounds  prevented  the  pro-apoptotic  effect  of  GC  on 
osteoblasts  and  osteocytes  in  vitro  and  the  decreased  in  mineral  deposi¬ 
tion  induced  by  GC  in  osteoblastic  cell  cultures.  Further,  salubrinal 
prevented  apoptosis  of  osteoblasts  and  osteocytes  induced  by  GC 
in  vivo  and  the  concomitant  decrease  in  bone  mass  and  bone  formation. 

Consistent  with  the  current  study  demonstrating  inhibition  of  apo¬ 
ptosis  of  osteoblasts  and  osteocytes  and  improved  mineralization  by 
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decreasing  ER  stress,  recent  evidence  demonstrates  increased  apoptosis 
of  osteoblastic  cells  and  changes  in  osteoblast  differentiation  associated 
with  elevated  ER  stress  in  vitro  with  thapsigargin  or  tunicamycin 
[28,29].  Remarkably,  increased  ER  stress  appears  to  have  a  time- 
dependent  biphasic  effect  inducing  rapid  increase  in  osteoblast  markers 
Runx2  and  osterix,  followed  by  a  reduction  in  the  expression  of  these 
transcription  factors  as  well  as  osteocalcin  [28].  Further,  ER  stress- 
mediated  apoptosis  of  osteoblasts  and  impaired  osteoblast  differentia¬ 
tion  was  also  demonstrated  in  a  model  of  osteogenesis  imperfecta  [30] 
and  in  mice  lacking  the  ER-localized  protein  Arl6ip5  in  osteoblasts 
[31  ].  Consistent  with  the  pro-apoptotic  and  inhibitory  effect  of  ER  stress 
on  osteoblast  differentiation,  in  the  current  manuscript  we  show  that 
opposing  ER  stress  by  inhibiting  eIF2a  dephosphorylation  prevents  os¬ 
teoblast  and  osteocyte  apoptosis  and  the  decrease  in  osteoblast  function 
induced  by  GC  in  vitro  and  in  vivo.  Our  findings  agree  with  previous 
evidence  showing  that  salubrinal  increases  the  number  of  alkaline 
phosphatase  positive  colonies  in  bone  marrow  cell  cultures  [32]  and 
osteocalcin  expression  in  MC3T3-E1  cells  [33]. 

In  contrast  to  the  protective  effect  of  salubrinal  against  the  action  of 
low  GC  dose  (GC1 ),  salubrinal  was  unable  to  protect  the  skeleton  from 
the  high  GC  dose  (GC2).  Similarly,  whereas  salubrinal  or  guanabenz 
effectively  prevented  the  inhibition  of  mineralization  induced  by 
short-term  treatment  of  cultured  osteoblasts  with  GC,  only  guanabenz 
was  able  to  reverse  the  effects  of  prolonged  treatment  with  GC.  The 
mechanism  of  the  different  outcome  of  guanabenz  compared  to 
salubrinal  is  not  known.  It  remains  unclear  also  the  reason  for  the 
incomplete  inhibition  of  cortical  osteocyte  apoptosis  by  alendronate 
in  this  experiment,  since  in  earlier  studies  alendronate  completely 
prevented  apoptosis  of  osteoblastic  cells  in  both  cancellous  and  cortical 
bone  [23].  A  potential  explanation  is  that  in  the  previous  study 
alendronate  was  administered  daily  instead  of  in  a  weekly  7-day  cumu¬ 
lative  dose.  Nevertheless,  these  findings  suggest  that  the  potency  of  the 
pro-apoptotic  signals  delivered  by  GC,  either  due  to  high  dose  or 
prolonged  exposure,  determines  the  ability  of  the  protective  compound 
to  induced  survival  and  that  once  a  pro-apoptotic  threshold  is  reached, 
salubrinal  is  not  able  to  reverse  it. 

Consistent  with  the  in  vitro  and  in  vivo  data  showing  that  inhibition 
of  eIF2a  dephosphorylation  preserves  osteoblast  viability,  treatment 
with  salubrinal  reversed  the  inhibition  in  BFR  induced  by  low  dose  of 
GC  mainly  by  reversing  the  decrease  in  MS/BS.  These  findings  together 
with  the  demonstration  that  salubrinal  prevents  the  reduction  in  miner¬ 
alization  induced  by  GC  in  vitro  strongly  suggest  that  the  preservation  of 
bone  mineral  density  by  salubrinal  is  due  to  its  protective  effects  on 
osteoblasts.  In  contrast,  alendronate  further  reduced  BFR  in  GC  treated 
animals,  as  expected  due  to  its  potent  inhibitory  effects  on  osteoclasts 
and  resorption.  Salubrinal,  like  alendronate,  has  been  also  shown  to  in¬ 
hibit  osteoclastogenesis  [33]  and  to  protect  from  ovariectomy-induced 
bone  loss  [34].  However,  in  the  setting  of  GC  excess,  the  main  mecha¬ 
nism  of  salubrinal  action  appears  to  be  related  to  osteoblasts.  Thus, 
the  bone  sparing  actions  of  salubrinal  and  bisphosphonates  on  GC 
excess  are  mediated  by  distinct  cellular  mechanisms.  Whereas 
alendronate  inhibits  osteoclast  activity  and  reduces  bone  turnover, 
salubrinal  preserves  the  viability  and  the  bone  forming  function  of 
osteoblasts. 

Protein  misfolding  is  a  common  feature  of  several  human  diseases 
including  neurodegenerative  conditions  such  as  Alzheimer's  and 
Parkinson's  diseases,  as  well  as  type  2  diabetes  [35].  Lack  of  functional 
PERK,  the  sensor  of  the  unfolded  protein  response  and  a  major  eIF2a 
kinase,  causes  the  Wolcott-Rallison  syndrome  (WRS)  in  humans, 
which  is  characterized  by  early  onset  diabetes  and  aberrant  skeletal 
development  [36].  PERK  deletion  in  the  mouse  prevents  the  unfolded 
protein  response  induced  by  ER  stressors  and  inhibits  phosphorylation 
of  eIF2a  [37].  Homozygous  PERK  null  mice  are  born  normal  but  loose 
[3  cells  rapidly  and  develop  early  diabetes  [38].  As  with  WRS  patients, 
PERK  knockout  mice  develop  skeletal  dysplasia  and  defective  bone  min¬ 
eralization  [39].  Osteoblast  and  osteocyte  number,  mineral  appositional 


rate  MAR,  and  markers  of  osteoblasts  and  osteocytes  are  decreased  in 
PERK  null  mice.  Osteoblast  survival  appears  not  to  be  affected  in  vitro , 
albeit  in  vivo  studies  were  not  shown.  Together  with  the  current  study 
in  which  increased  osteoblast  and  osteocyte  apoptosis,  decreased  bone 
formation,  and  decreased  bone  mass  induced  by  glucocorticoids  are 
partially  prevented  by  salubrinal,  these  findings  suggest  that  inhibition 
of  eIF2a  dephosphorylation  is  a  potential  novel  target  for  the  treatment 
of  glucocorticoid-induced  osteoporosis  and  other  conditions  with  defi¬ 
cient  osteoblast  differentiation  and  bone  mineralization. 

Acknowledgments 

The  authors  thank  Dr.  Nicoletta  Bivi  and  Meloney  Cregor  for  their 
technical  assistance,  Dr.  Ziyue  Liu  for  the  assistance  with  statistical  anal¬ 
ysis,  and  Dr.  Hiroki  Yokota  for  the  advice.  This  research  was  supported 
by  the  U.S.  Department  of  Defense  (DM102485),  National  Institutes  of 
Health  (R01AR059357,  R01  DK076007,  and  S10-RR023710  to  TB),  and 
the  Veterans  Administration  (Merit  Review  I01BX002104  to  TB). 

Disclosure  statement 

The  authors  have  nothing  to  disclose. 

References 

[1]  Weinstein  RS.  Clinical  practice.  Glucocorticoid-induced  bone  disease.  N  Engl  J  Med 
2011;365:62-70. 

[2]  Jin  HO,  Seo  SK,  Woo  SH,  Kim  ES,  Lee  HC,  Yoo  DH,  et  al.  Activating  transcription  factor 
4  and  CCAAT/enhancer-binding  protein-beta  negatively  regulate  the  mammalian 
target  of  rapamycin  via  Reddl  expression  in  response  to  oxidative  and  endoplasmic 
reticulum  stress.  Free  Radic  Biol  Med  2009;46:1158-67. 

[3]  Weinstein  RS.  Glucocorticoid-induced  osteoporosis.  Rev  Endocr  Metab  Disord  2001; 
2:65-73. 

[4]  Dempster  DW.  Bone  histomorphometry  in  glucocorticoid-induced  osteoporosis.  J 
Bone  Miner  Res  1989;4:137-41. 

[5]  Reid  IR.  Glucocorticoid  osteoporosis— mechanisms  and  management.  Eur  J  Endocrinol 
1997;137:209-17. 

[6]  Weinstein  RS,  Jilka  RL,  Parfitt  AM,  Manolagas  SC.  Inhibition  of  osteoblastogenesis 
and  promotion  of  apoptosis  of  osteoblasts  and  osteocytes  by  glucocorticoids:  poten¬ 
tial  mechanisms  of  their  deleterious  effects  on  bone.  J  Clin  Invest  1998;102:274-82. 

[7]  O’Brien  CA,  Jia  D,  Plotkin  LI,  Bellido  T,  Powers  CC,  Stewart  SA,  et  al.  Glucocorticoids 
act  directly  on  osteoblasts  and  osteocytes  to  induce  their  apoptosis  and  reduce 
bone  formation  and  strength.  Endocrinology  2004;145:1835-41. 

[8]  Jia  D,  O’Brien  CA,  Stewart  SA,  Manolagas  SC,  Weinstein  RS.  Glucocorticoids  act  directly 
on  osteoclasts  to  increase  their  lifespan  and  reduce  bone  density.  Endocrinology  2006; 
147:5592-9. 

[9]  Weinstein  RS,  Nicholas  RW,  Manolagas  SC.  Apoptosis  of  osteocytes  in 
glucocorticoid-induced  osteonecrosis  of  the  hip.  J  Clin  Endocrinol  Metab  2000;85: 
2907-12. 

[10]  Jilka  RL,  Weinstein  RS,  Bellido  T,  Roberson  P,  Parfitt  AM,  Manolagas  SC.  Increased 
bone  formation  by  prevention  of  osteoblast  apoptosis  with  parathyroid  hormone.  J 
Clin  Invest  1999;104:439-46. 

[11]  Plotkin  LI,  Manolagas  SC,  Bellido  T.  Glucocorticoids  induce  osteocyte  apoptosis  by 
blocking  focal  adhesion  kinase-mediated  survival:  evidence  for  inside-out  signaling 
leading  to  anoikis.  J  Biol  Chem  2007;282:24120-30. 

[12]  Plotkin  LI,  Weinstein  RS,  Parfitt  AM,  Roberson  PK,  Manolagas  SC,  Bellido  T.  Preven¬ 
tion  of  osteocyte  and  osteoblast  apoptosis  by  bisphosphonates  and  calcitonin.  J 
Clin  Invest  1999;104:1363-74. 

[13]  Almeida  M,  Han  L,  Ambrogini  E,  Weinstein  RS,  Manolagas  SC.  Glucocorticoids 
and  tumor  necrosis  factor  (TNF)  alpha  increase  oxidative  stress  and  suppress 
WNT  signaling  in  osteoblasts.  J  Biol  Chem  2011;286:44326-35. 

[14]  Harding  HP,  Zhang  Y,  Zeng  H,  Novoa  I,  Lu  PD,  Calfon  M,  et  al.  An  integrated  stress 
response  regulates  amino  acid  metabolism  and  resistance  to  oxidative  stress.  Mol 
Cell  2003;11:619-33. 

[15]  Walter  P,  Ron  D.  The  unfolded  protein  response:  from  stress  pathway  to  homeostatic 
regulation.  Science  2011;334:1081-6. 

[16]  Boyce  M,  Bryant  KF,  Jousse  C,  Long  K,  Harding  HP,  Scheuner  D,  et  al.  A  selective  in¬ 
hibitor  of  eIF2alpha  dephosphorylation  protects  cells  from  ER  stress.  Science  2005; 
307:935-9. 

[17]  Tsaytler  P,  Harding  HP,  Ron  D,  Bertolotti  A.  Selective  inhibition  of  a  regulatory 
subunit  of  protein  phosphatase  1  restores  proteostasis.  Science  2011;332:91-4. 

[18]  Bellido  T,  Ali  AA,  Plotkin  LI,  Fu  Q,  Gubrij  I,  Roberson  PK,  et  al.  Proteasomal  degrada¬ 
tion  of  Runx2  shortens  parathyroid  hormone-induced  anti-apoptotic  signaling  in 
osteoblasts.  A  putative  explanation  for  why  intermittent  administration  is  needed 
for  bone  anabolism.  J  Biol  Chem  2003;278:50259-72. 

[19]  Lecka-Czernik  B,  Gubrij  I,  Moerman  EA,  Kajkenova  O,  Lipschitz  DA,  Manolagas  SC, 
et  al.  Inhibition  of  Osf2/Cbfal  expression  and  terminal  osteoblast  differentiation  by 
PPAR-gamma  2.  J  Cell  Biochem  1999;74:357-71. 

[20]  Kato  Y,  Windle  JJ,  Koop  BA,  Mundy  GR,  Bonewald  LF.  Establishment  of  an  osteocyte- 
like  cell  line,  MLO-Y4.  J  Bone  Miner  Res  1997;12:2014-23. 


AY.  Sato  et  al.  /  Bone  73  (2015)  60-68 


68 

[21]  Ogawa  R,  Mizuno  H,  Watanabe  A,  Migita  M,  Shimada  T,  Hyakusoku  H.  Osteogenic 
and  chondrogenic  differentiation  by  adipose-derived  stem  cells  harvested  from 
GFP  transgenic  mice.  Biochem  Biophys  Res  Commun  2004;313:871-7. 

[22]  Tsai  SW,  Liou  HM,  Lin  CJ,  Kuo  KL,  Hung  YS,  Weng  RC,  et  al.  MG63  osteoblast-like  cells 
exhibit  different  behavior  when  grown  on  electrospun  collagen  matrix  versus 
electrospun  gelatin  matrix.  PLoS  One  2012;7:e31200. 

[23]  Plotkin  LI,  Lezcano  V,  Thostenson  J,  Weinstein  RS,  Manolagas  SC,  Bellido  T.  Connexin 
43  is  required  for  the  anti-apoptotic  effect  of  bisphosphonates  on  osteocytes  and 
osteoblasts  in  vivo.  J  Bone  Miner  Res  2008;23:1712-21. 

[24]  Aguirre  JI,  Plotkin  LI,  Stewart  SA,  Weinstein  RS,  Parfitt  AM,  Manolagas  SC,  et  al. 
Osteocyte  apoptosis  is  induced  by  weightlessness  in  mice  and  precedes  osteoclast 
recruitment  and  bone  loss.  J  Bone  Miner  Res  2006;21:605-15. 

[25]  Zhang  P,  Hamamura  K,  Jiang  C,  Zhao  L,  Yokota  H.  Salubrinal  promotes  healing  of 
surgical  wounds  in  rat  femurs.  J  Bone  Miner  Metab  2012;30:568-79. 

[26]  Bellido  T,  Plotkin  LI.  Novel  actions  of  bisphosphonates  in  bone:  preservation  of 
osteoblast  and  osteocyte  viability.  Bone  2011;49:50-5. 

[27]  Holmes  B,  Brogden  RN,  Heel  RC,  Speight  TM,  Avery  GS.  Guanabenz.  A  review  of  its 
pharmacodynamic  properties  and  therapeutic  efficacy  in  hypertension.  Drugs 
1983;26:212-29. 

[28]  Hamamura  K,  Yokota  H.  Stress  to  endoplasmic  reticulum  of  mouse  osteoblasts 
induces  apoptosis  and  transcriptional  activation  for  bone  remodeling.  FEBS  Lett 
2007;581:1769-74. 

[29]  Saito  A,  Ochiai  K,  Kondo  S,  Tsumagari  K,  Murakami  T,  Cavener  DR,  et  al.  Endoplasmic 
reticulum  stress  response  mediated  by  the  PERK-eIF2(alpha)-ATF4  pathway  is  involved 
in  osteoblast  differentiation  induced  by  BMP2.  J  Biol  Chem  2011;286:4809-18. 

[30]  Lisse  TS,  Thiele  F,  Fuchs  H,  Hans  W,  Przemeck  GKH,  Abe  K,  et  al.  ER  stress-mediated 
apoptosis  in  a  new  mouse  model  of  osteogenesis  imperfecta.  PLoS  Genet  2008  ;4(2): 
e7  [4:1-11]. 


[31  ]  Wu  Y,  Yang  M,  Fan  J,  Peng  Y,  Deng  L,  Ding  Y,  et  al.  Deficiency  of  osteoblastic  Arl6ip5 
impaired  osteoblast  differentiation  and  enhanced  osteoclastogenesis  via  disturbance 
of  ER  calcium  homeostasis  and  induction  of  ER  stress-mediated  apoptosis.  Cell  Death 
Dis  2014;5:el464. 

[32]  Yokota  H,  Hamamura  K,  Chen  A,  Dodge  TR,  Tanjung  N,  Abedinpoor  A,  et  al.  Effects  of 
salubrinal  on  development  of  osteoclasts  and  osteoblasts  from  bone  marrow- 
derived  cells.  BMC  Musculoskelet  Disord  2013;14:197. 

[33]  Hamamura  K,  Tanjung  N,  Yokota  H.  Suppression  of  osteoclastogenesis  through 
phosphorylation  of  eukaryotic  translation  initiation  factor  2  alpha.  J  Bone  Miner 
Metab  2013;31:618-28. 

[34]  Zhang  P,  Chen  A,  Dodge  TTN,  Zheng  Y,  Fuqua  C,  Yokota  H.  Salubrinal  regulates  bone 
remodeling  and  fat  metabolism  in  ovariectomized  mice.  Proceedings  of  the  Orthopedic 
Research  Society  Annual  Meeting;  2013. 

[35]  Fullwood  MJ,  Zhou  W,  Shenolikar  S.  Targeting  phosphorylation  of  eukaryotic  initia¬ 
tion  factor-2alpha  to  treat  human  disease.  Prog  Mol  Biol  Transl  Sci  2012;  106: 
75-106. 

[36]  Delepine  M,  Nicolino  M,  Barrett  T,  Golamaully  M,  Lathrop  GM,  Julier  C.  EIF2AK3, 
encoding  translation  initiation  factor  2-alpha  kinase  3,  is  mutated  in  patients  with 
Wolcott-Rallison  syndrome.  Nat  Genet  2000;25:406-9. 

[37]  Harding  HP,  Zhang  Y,  Bertolotti  A,  Zeng  H,  Ron  D.  Perk  is  essential  for  translational 
regulation  and  cell  survival  during  the  unfolded  protein  response.  Mol  Cell  2000; 
5:897-904. 

[38]  Harding  HP,  Zeng  H,  Zhang  Y,  Jungries  R,  Chung  P,  Plesken  H,  et  al.  Diabetes  mellitus 
and  exocrine  pancreatic  dysfunction  in  perk — /—  mice  reveals  a  role  for  translational 
control  in  secretory  cell  survival.  Mol  Cell  2001;7:1153-63. 

[39]  Wei  J,  Sheng  X,  Feng  D,  McGrath  B,  Cavener  DR.  PERK  is  essential  for  neonatal 
skeletal  development  to  regulate  osteoblast  proliferation  and  differentiation.  J  Cell 
Physiol  2008;217:693-707. 


Role  of  miR-222-3p  in  c-Src-Mediated  Regulation  of  Osteoclastogenesis 

12  1  1  1  2 
Shinya  Takigawa  ’  ,  Andy  Chen  ,  Qiaoqiao  Wan  ,  Sungsoo  Na  ,  Akihiro  Sudo  , 

Hiroki  Yokota  ,  and  Kazunori  Hamamura  ’ 

department  of  Biomedical  Engineering,  Indiana  University-Purdue  University  Indianapolis, 

Indianapolis,  IN  46202  USA 

Department  of  Orthopaedic  Surgery,  Mie  University  Graduate  School  of  Medicine, 

Mie  514-8507,  Japan 

Department  of  Pharmacology,  School  of  Dentistry,  Aichi-Gakuin  University, 

Nagoya  464-8650,  Japan 
Running  Title:  miR-222-3p  in  Osteoclastogenesis 

Shinya  Takigawa:  stakigaw@iupui.edu 
Andy  Chen:  andychen@umail.iu.edu 
Qiaoqiao  Wan:  wanq@purdue.edu 
Sungsoo  Na:  sungna@iupui.edu 
Akihiro  Sudo:  a-sudou@clin.medic.mie-u.ac.jp 
Hiroki  Yokota:  hyokota@iupui.edu 
Corresponding  Author: 

Kazunori  Hamamura,  PhD/DDS  (hamak@dpc.agu.ac.in) 

Department  of  Pharmacology 

School  of  Dentistry,  Aichi-Gakuin  University, 

1-100  Kusumoto-cho,  Chikusa-ku,  Nagoya  464-8650,  Japan 
Phone:  +81-52-757-6743 


Fax:  +81-52-752-5988 


Abstract 


MicroRNAs  (miRNAs)  are  small  non-coding  RNAs  that  play  a  mostly  post-transcriptional 
regulatory  role  in  gene  expression.  Using  RAW264.7  pre-osteoclast  cells  and  genome-wide 
expression  analysis,  we  identified  a  set  of  miRNAs  that  are  involved  in  osteoclastogenesis. 
Based  on  in  silico  analysis,  we  specifically  focused  on  miR-222-3p  and  evaluated  its  role  in 
osteoclastogenesis.  The  results  show  that  the  inhibitor  of  miR-222-3p  upregulated  the  mRNA 
levels  of  nuclear  factor  of  activated  T-cells,  cytoplasmic  1  (NFATcl)  and  tartrate -resistant  acid 
phosphatase  (TRAP),  while  its  mimicking  agent  downregulated  their  mRNA  levels.  Western 
blot  analysis  showed  that  its  inhibitor  increased  the  protein  levels  of  TRAP  and  cathepsin  K, 
while  its  mimicking  agent  decreased  their  levels.  Genome-wide  mRNA  expression  analysis  in 
the  presence  and  absence  of  receptor  activator  of  nuclear  factor  kappa-B  ligand  (RANKL) 
predicted  c-Src  as  a  potential  regulatory  target  of  miR-222-3p.  Live  cell  imaging  using  a 
fluorescence  resonance  energy  transfer  (FRET)  technique  revealed  that  miR-222-3p  acted  as  an 
inhibitor  of  c-Src  activity,  and  a  partial  silencing  of  c-Src  suppressed  RANKL-induced 
expression  of  TRAP  and  cathepsin  K,  as  well  as  the  number  of  multi-nucleated  osteoclasts  and 
their  pit  formation.  Collectively,  the  study  herein  demonstrates  that  miR-222-3p  serves  as  an 
inhibitor  of  osteoclastogenesis  and  c-Src  mediates  its  inhibition  of  cathepsin  K  and  TRAP. 


Keywords:  microarray,  miRNA,  osteoclastogenesis,  RAW264.7  cells,  c-Src 


1.  Introduction 


MicroRNAs  (miRNAs)  are  small  non-coding  RNA  molecules  that  participate  in  various  gene 
regulatory  processes.  They  may  reorganize  chromatin  and  silence  specific  genes,  cleave  and 
destabilize  mRNAs,  or  inhibit  transcriptional  initiation  and  elongation  [1],  Chronic  lymphocytic 
leukemia  is  the  first  human  disease  that  was  shown  to  be  associated  with  miRNA  [2],  and  since 
then  involvement  of  miRNAs  in  tumor  growth  and  metastasis  has  been  reported  [2,  3].  The 
regulatory  role  of  miRNAs  has  also  been  identified  in  homeostasis  of  organ  systems  such  as  the 
cardiovascular  system,  the  nervous  system,  and  musculoskeletal  system  [4-6],  as  well  as  in  the 
maintenance  and  development  of  stem  cells  [7]. 

The  specific  aim  of  this  study  is  to  evaluate  a  potential  role  of  miRNAs  in  osteoclastogenesis. 
Osteoclastogenesis  is  a  developmental  process  of  pre-osteoclast  cells  in  the  hematopoietic 
lineage.  In  the  self-fusion  process  to  form  mature  multinucleated  cells,  receptor  activator  of 
nuclear  factor  kappa-B  ligand  (RANKL)  acts  as  a  potent  stimulator  and  activates  nuclear  factor 
kappa-B  (NFkB)  signaling  and  a  transcription  factor,  nuclear  factor  of  activated  T-cells, 
cytoplasmic  1  (NFATcl)  [8],  In  the  response  to  RANKL’s  stimulation,  NFATcl  is  considered 
to  serve  as  a  master  transcription  factor,  and  other  regulatory  factors  such  as  macrophage  colony- 
stimulating  factor  (M-CSF),  c-Fos,  PU.l,  and  TRAF6  are  also  known  to  be  activated  [8],  It  is 
reported  that  miRNAs  such  as  miR-34a,  miR-99b,  miR-223,  miR-365,  miR-378,  and  miR-451 
are  involved  in  osteoclastogenesis  [9,10,1 1,  12,13,14],  However,  little  is  known  about  the 
regulatory  mechanism  of  their  actions  and  the  genes  directly  regulated  by  these  miRNAs. 


In  this  study,  we  conducted  genome-wide  expression  profding  of  both  miRNAs  and  mRNAs 
using  RAW264.7  pre-osteoclast  cells,  followed  by  in  silico  data  analysis,  primarily  using 
principal  component  analysis.  Expression  analysis  led  us  to  focus  on  miR-222-3p,  which 
presented  a  consistent  expression  profde  during  osteoclastogenesis.  In  the  presence  and  absence 
of  miR-222-3p’s  inhibitor  and  mimicking  agent,  its  influence  on  the  selected  osteoclast  marker 
genes  such  as  TRAP  and  cathepsin  K  was  examined.  Furthermore,  miR-222-3p’s  target  genes 
were  predicted  using  publicly  available  software  tools,  and  the  predicted  regulatory  pathway  was 
evaluated  using  inhibitor  and  mimicking  agents,  as  well  as  siRNA  specific  to  miR-222-3p’s 
target  gene  and  FRET  (fluorescence  resonance  energy  transfer)-based  live  cell  imaging. 


2.  Results 


2.1.  RANKL  responsive  miRNAs 

In  response  to  RANKL  treatment  for  2  days,  expression  levels  of  ~20  miRNAs  were 
significantly  altered  in  the  microarray-based  assay  (Figure  1).  In  particular,  the  heat  map  of  the 
selected  miRNAs  (signal  value  >  500  and  p  <  0.05)  shows  that  miRNAs  such  as  miR-221-3p  and 
miR-222-3p  were  downregulated  by  RANKL,  while  miRNAs  such  as  miR-125b-5p  and  miR- 
182-5p  were  upregulated  (Figure  1A).  Principal  component  analysis  (PCA),  a  statistical 
technique  for  finding  representative  axes  in  multidimensional  data,  was  used  to  examine  6 
miRNA  samples  (C1-C3,  and  R1-R3)  to  reveal  that  three  RANKL-treated  samples  had  a  larger 
value  in  the  second  principal  axis  than  three  control  samples  (Figure  IB).  Among  17  miRNAs  in 
Fig.  1 A  that  significantly  altered  their  expression  levels  by  RANKL  with  high  signal  values  (max 
signal  >  500),  two  miRNAs  (miR-221-3p  and  miR-222-3p)  were  positioned  with  the  smallest 
second  principal  component  values  (Figure  1C). 

2.2.  PCR-based  mRNA  and  miRNA  expression  levels 

The  expression  of  miRNA  levels,  initially  determined  with  microarrays,  were  re-evaluated  using 
qPCR  (Figure  2).  Consistent  with  the  stimulation  of  osteoclastogenesis  by  RANKL  treatment, 
the  mRNA  levels  of  NFATcl  and  TRAP  were  elevated  on  days  2  and  4  (Figure  2A-B).  The 
expression  levels  of  three  miRNAs  (miR-125b-5p,  miR-146a-5p,  and  miR-182-5p)  in  Fig.  1A 
were  elevated  by  RANKL  treatment  on  day  2,  but  their  expression  levels  on  day  4  were  either 
up,  down,  or  unchanged  (Figure  2C-E).  Consistency  on  days  2  and  4  were  observed  for  three 
miRNA  (miR-27b-3p,  miR-221-3p,  and  miR-222-3p),  which  were  continually  downregulated  by 
RANKL  treatment  (Figure  2F-H). 


2.3.  Effects  of  inhibitor  and  mimic  miR221-3p  and  miR222-3p 

Since  RANKL-driven  downregulation  of  miR-221-3p  and  miR-222-3p  have  not  been  reported, 
we  further  evaluated  their  potential  roles  in  osteoclastogenesis  using  their  inhibitors  and 
mimicking  agents.  In  response  to  the  inhibitor  of  miR-221-3p,  the  levels  of  NFATcl  mRNA, 
TRAP  mRNA,  and  cathepsin  K  mRNA  were  significantly  elevated  (Figure  3A,  C).  Consistently, 
the  mimicking  agent  reduced  the  mRNA  level  of  TRAP,  although  the  levels  of  NFATcl  mRNA 
and  cathepsin  K  mRNA  were  not  significantly  changed  (Figure  3B,  D).  We  then  examined  the 
role  of  miR-222-3p  using  its  inhibitor  and  mimicking  agent  (Figure  4).  The  mRNA  levels  of 
NFATcl,  TRAP,  and  cathepsin  K  were  upregulated  by  its  inhibitor.  Furthermore,  the  mRNA 
levels  of  NFATcl  and  TRAP  were  downregulated  by  its  mimicking  agent  (Figure  4A-D). 
Hereafter,  the  regulatory  analysis  was  mainly  conducted  focusing  on  miR-222-3p. 

2.4.  Western  blot  analysis  of  NFATcl,  TRAP,  and  cathepsin  K 

The  mRNA  expression  analysis  of  NFATcl  and  TRAP  predicted  that  miR-222-3p  may  act  as  an 
inhibitor  of  osteoclastogenesis.  To  further  examine  the  role  of  miR-222-3p  in  osteoclast 
development,  we  determined  the  protein  expression  of  NFATcl,  TRAP,  and  cathepsin  K  in  the 
presence  of  RANKL.  In  response  to  its  inhibitor,  the  protein  levels  of  TRAP  and  cathepsin  K 
were  increased  (Figure  5A).  Furthermore,  its  mimicking  agent  decreased  the  protein  levels  of 
TRAP  and  cathepsin  K  (Figure  5B).  However,  the  level  of  NFATcl  protein  was  not  altered  in 
response  to  the  inhibitor  or  mimicking  agent. 


2.5.  RANKL  responsive  genes  and  the  prediction  of  miRNA  responsive  genes 


To  predict  potential  target  genes  that  are  regulated  by  RANKL-responsive  miRNAs,  we 
conducted  genome-wide  mRNA  analysis  followed  by  in  silico  prediction.  First,  we  selected  27 
osteoclast-linked  genes  whose  mRNA  levels  were  altered  more  than  1.5-fold  by  RANKL 
treatment  (Figure  6A).  These  genes  are  ordered  according  to  the  fold  change  in  their  mRNA 
expression  levels  in  response  to  RANKL  treatment.  We  then  predicted  whether  those  27  genes 
were  potentially  downregulated  by  RANKL-responsive  miRNAs  221-3p  and  222-3p  (Figure 
6B).  The  target  prediction  algorithms  revealed  several  potential  targets  of  222-3p  (Ccrl,  c-Src, 
Dcstamp,  Gpr55,  Car2,  Itgb3,  etc.).  Given  their  relatively  high  fold-changes  as  well  as 
confidence  in  prediction,  c-Src  and  Dcstamp  were  chosen  for  further  study. 

2. 6.  c-Src  expression  and  activity  in  response  to  the  inhibitor  of  miR-222-3p 

Since  c-Src  and  Dcstamp  were  highly  responsive  to  RANKL  treatment  and  predicted  to  be  linked 
to  miR-222-3p,  we  determined  the  mRNA  levels  of  these  two  genes  in  the  presence  and  absence 
of  the  inhibitor  of  miR-222-3p.  Consistent  with  the  prediction  by  in  silico  analysis,  the  result 
showed  that  their  mRNA  levels  were  elevated  in  response  to  miR-222-3p’s  inhibitor  agent 
(Figure  7A).  To  further  test  the  involvement  of  miR-222-3p,  the  cells  were  co-transfected  with  a 
FRET-based  c-Src  biosensor  and  the  inhibitor  of  miR-222-3p.  The  data  revealed  that,  24  hours 
post-transfection,  c-Src  activity  was  elevated  by  the  inhibitory  agent  (Figure  7B). 

2. 7.  Effects  of  silencing  c-Src  in  RANKL-driven  osteoclastogenesis 

To  evaluate  the  role  of  c-Src  in  RANKL-driven  osteoclastogenesis,  we  employed  siRNA  specific 
to  c-Src  and  determined  the  protein  levels  of  NFATcl,  TRAP,  and  cathepsin  K.  The  significant 
reduction  in  the  mRNA  and  protein  levels  of  c-Src  was  confirmed  (Figure  8A-C).  The  result 


with  c-Src  siRNA  showed  that  the  protein  level  of  NFATcl  was  not  significantly  altered. 
However,  in  response  to  RANKL  treatment,  the  protein  levels  of  TRAP  and  cathepsin  K  were 
significantly  reduced  by  c-Src  siRNA  (Figure  8B,  D).  Of  note,  the  expression  of  miR-221-3p  or 
miR-222-3p  was  not  significantly  affected  by  c-Src  siRNA  treatment  (Figure  8E). 

TRAP  staining  revealed  that  the  number  of  multi-nucleated  osteoclasts  was  significantly  reduced 
in  the  presence  of  c-Src  siRNA  (Figure  9A,  B).  Furthermore,  an  osteoclast  activity  assay  showed 
that  the  number  of  pits,  formed  by  active  osteoclasts,  was  lowered  by  c-Src  siRNA  treatment 
(Fig.  9C,  D). 


3.  Discussion 


This  study  revealed  that  miR-222-3p  acts  as  an  inhibitory  regulator  of  RANKL-driven 
osteoclastogenesis  in  RAW264.7  pre-osteoclast  cells.  Through  genome-wide  miRNA  and 
mRNA  expression  analysis  together  with  in  silico  predictions,  miR-221-3p  and  miR-222-3p  were 
highlighted  as  regulatory  candidates.  These  two  miRNAs  were  positioned  at  the  comer  in  the 
PCA  plane,  indicating  that  their  predicted  inhibitory  actions  were  strongest  among  RANKL 
responsive  miRNAs.  The  result  with  qPCR  revealed  that  the  inhibitors  of  miR221-3p  and  miR- 
222-3p  upregulated  the  mRNA  levels  of  NFATcl  and  TRAP.  The  mimicking  agent  of  miR-222- 
3p  downregulated  the  mRNA  levels  of  NFATcl  and  TRAP,  while  that  of  miR-221-3p  did  not 
significantly  alter  the  mRNA  level  of  NFATcl.  Consistent  with  mRNA  analysis,  the  inhibitor  of 
miR-222-3p  increased  the  protein  levels  of  TRAP  and  cathepsin  K,  while  its  mimicking  agent 
decreased  these  protein  levels.  Collectively,  RNA-based  loss-of-function  and  gain-of-function 
assays  supported  the  inhibitory  role  of  miR-222-3p  in  RANKL-driven  upregulation  of  TRAP  and 
cathepsin  K. 

In  order  to  determine  a  signaling  mechanism  directly  driven  by  miR-222-3p,  27  RANKL- 
responsive  genes  were  selected  as  potential  targets  of  miR-222-3p.  In  silico  prediction  using 
publicly  available  algorithms  in  miRWalk2.0  [15]  assigned  a  confidence  measure  to  those  genes. 
Two  genes,  which  were  upregulated  more  than  5-fold  by  RANKL  and  assigned  a  positive 
confidence  measure  in  in  silico  prediction,  were  c-Src  and  Dcstamp.  According  to  RNAhybrid 
software  [16],  a  pairing  of  miR-222-3p  (21  nucleotide  long)  and  the  3’ -end  of  c-Src’ s 
untranslated  region  (UTR)  yields  the  minimum  free  energy  of  -26  kcal/mol  with  18  matches  and 
3  mismatches.  In  the  response  to  miR-222-3p’s  inhibitor  and  mimicking  agent,  we  confirmed 


that  the  upregulation  of  c-Src  mRNA  and  Dcstamp  mRNA  by  RANKL  was  mediated  by  miR- 
222-3p. 

Src  family  kinases  are  non-receptor  tyrosine  kinases,  and  c-Src  is  its  proto-oncogene  that 
promotes  cellular  survival,  proliferation,  and  migration.  It  is  reported  that  deletion  of  c-Src 
impairs  bone  resorbing  activities  by  osteoclasts  [17,18,19].  Histological  analysis  using  TRAP 
staining  as  well  as  the  osteoclast  activity  assay  using  pit  formation  revealed  that  a  partial 
silencing  of  c-Src  by  RNA  interference  reduced  the  number  of  multi-nucleated  osteoclasts  and 
suppressed  bone -resorbing  activity.  Using  FRET-based  live  cell  imaging,  we  determined  the 
activity  of  c-Src  in  the  presence  and  absence  of  miR-222-3p’s  inhibitor  agent.  The  FRET  result 
showed  that  the  baseline  activity  of  c-Src  was  increased  by  the  inhibitor  agent.  Furthermore,  a 
partial  silencing  of  c-Src  by  its  siRNA  suppressed  miR-222-3p-driven  downregulation  of 
cathepsin  K  and  TRAP.  Dcstamp  is  also  known  to  play  a  critical  role  in  cell-cell  fusion  in 
osteoclasts  [20],  and  miR-222-3p  is  involved  in  its  regulation.  Collectively,  the  proposed 
regulatory  mechanism  of  miR-222-3p’s  action  is  illustrated  (Figure  10).  Our  qPCR  results 
support  the  notion  that  miR-222-3p  is  inhibitory  to  c-Src  that  does  not  directly  alter  expression  of 
miR-222-3p.  Of  note,  while  the  mRNA  level  of  NFATcl  was  significantly  downregulated  by 
miR-222-3p,  a  reduction  in  its  protein  level  was  not  significant. 

Although  the  involvement  of  c-Src  in  miR-222-3p-driven  regulation  of  osteoclastogenesis  was 
predicted  and  validated,  the  rate  of  false  positive  in  the  in  silico  prediction  turned  out  to  be  high. 
For  example,  a  transcription  factor,  Fos,  was  predicted  by  every  algorithm  to  be  a  target  gene  of 
miR-222-3p,  but  its  expression  was  unchanged  by  the  stimulation  and  inhibition  of  miR-222-3p 


(data  not  shown).  A  variety  of  prediction  algorithms  employs  a  combination  of  sequence 
matching,  evolutionary  conservation,  adjacent  nucleotide  composition,  sequence  location,  and 
the  secondary  structure  of  the  targeted  region  [21],  in  which  different  weights  and  assumptions 
result  in  variations  in  predictions.  It  appears  that  most  of  these  algorithms  do  not  effectively  take 
into  account  biological  context  such  as  dependence  on  cell  types  and  physiological  states  [22], 

In  tumor  proliferation  and  invasion,  miRNAs  play  critical  roles  [23].  In  various  cancer  types 
including  colon,  pancreas,  prostate,  and  thyroid,  the  expression  level  of  miR-222-3p  is  reported 
to  be  altered  [3,24,25,26].  It  is  to  be  shown  whether  the  observed  modulation  of  miR-222-3p  in 
tumor  cells  is  induced  by  specific  DNA  mutations,  and  whether  its  modulation  might  be  linked  to 
metastasis  to  bone  followed  by  osteolytic  responses  by  osteoclasts. 

Based  on  in  slico  predictions,  we  focused  on  miR-221-3p  and  miR-222-3p  as  two  potential 
candidates  for  osteoclast  regulation.  These  two  miRNAs  are  known  to  form  a  cluster  and 
regulate  various  genes  [27],  but  it  is  also  reported  that  they  can  act  independently.  For  instance, 
miR-222  but  not  miR-221  is  involved  in  neovascularization  by  regulating  STAT5A  [28]. 
Hydroxyurea,  which  is  used  for  the  treatment  of  neoplastic  diseases,  elevates  expression  of  miR- 
221  but  decreases  that  of  miR-222  [29].  Furthermore,  the  inhibition  of  miR-221  but  not  miR-222 
suppresses  a  release  of  IL6  in  patients  with  severe  asthma  [30]. 

In  summary,  this  study  demonstrated  an  inhibitory  role  of  miR-222-3p  in  RANKL-driven 
osteoclastogenesis.  Genome-wide  miRNA  and  mRNA  analysis  predicted  c-Src  as  one  of  the 
miR-222-3p’s  target  genes.  A  partial  silencing  of  c-Src  using  RNA  interference  revealed  that 


miR-222-3p  suppressed  expression  of  the  osteoclast  marker  genes  such  as  TRAP  and  cathepsin 
K  via  c-Src.  In  bone-related  metabolic  diseases  and  cancer,  the  role  of  miRNAs  has  not  been 
fully  understood.  By  identifying  miR-222-3p  as  a  regulator  of  bone -resorbing  osteoclasts,  this 
study  indicates  a  novel  therapeutic  direction  in  osteoporosis  as  well  as  osteolytic  lesion  in  bone 
metastasis. 


4.  Experimental  Section 

4.1.  Cell  culture 

RAW264.7  mouse  pre-osteoclast  (monocyte/macrophage)  cells  were  cultured  in  aMEM 
containing  10%  fetal  bovine  serum  and  antibiotics  (50  units/ml  penicillin,  and  50  pg/ml 
streptomycin;  Life  Technologies,  Grand  Island,  NY,  USA).  Cells  were  maintained  at  37°C  and 
5%  CO2  in  a  humidified  incubator.  To  induce  differentiation,  cells  were  treated  with  50  ng/ml 
RANKL  (PeproTech,  Rocky  Hills,  NC,  USA)  [31]. 

4.2.  Microarray  experiments  for  genome-wide  miRNAs  and  mRNAs 

Genome-wide  miRNA  and  mRNA  expression  analyses  were  conducted  using  pParaflo®  High 
Performance  Microfluidic  Microarrays  (LC  Sciences,  Houston,  TX,  USA)  and  Mouse  Gene  2.0 
ST  arrays  (Affymetrix,  Santa  Clara,  CA,  USA),  respectively.  RAW264.7  cells  were  harvested 
48  h  after  incubation  with  and  without  RANKL,  and  miRNA  was  isolated  with  a  miRNeasy  mini 
kit  (Qiagen,  Germantown,  MD,  USA).  The  samples  for  miRNA  were  labeled  as  C1-C3  (control) 
and  R1-R3  (RANKL-treated),  while  the  samples  for  mRNA  were  CN1-CN3  (control)  and  RN1- 
RN3  (RANKL-treated).  Signal  values  for  miRNA  were  background  subtracted  and  normalized 
using  the  locally  weighted  scatterplot  smoothing  (LOWESS)  method,  while  signal  values  for 
mRNA  were  normalized  using  robust  multiarray  average  (RMA).  The  data  discussed  in  this 
publication  have  been  deposited  in  NCBI's  Gene  Expression  Omnibus  [32]  and  are  accessible 
through  GEO  Series  accession  number  GSE74847 

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74847).  The  heatmaps  were  generated 
for  differentially  expressed  miRNAs  and  mRNAs  at  p<  0.05. 


4.3.  Principal  component  analysis 

After  scaling  raw  expression  data,  principal  component  analysis  (PCA)  was  performed  for 
miRNAs  using  singular  value  decomposition,  as  outlined  previously  [33].  A  set  of  highly 
expressed  miRNAs  whose  minimum  signal  values  were  greater  than  100  were  selected,  and 
principal  component  axes  were  defined.  The  six  control  and  RANKL-treated  samples  (C1-C3 
and  R1-R3)  as  well  as  highly  expressed  miRNAs  were  mapped  on  the  first  and  second  principal 
component  plane. 

4.4.  In  silico  prediction  of  miRNA  target  genes 

In  predicting  miRNA  target  genes,  we  focused  on  miRNAs  that  were  differentially  expressed 
between  the  RANKL  and  control  samples  (p  <  0.05)  with  a  maximum  signal  value  above  100. 
First,  potential  target  genes  were  pre-selected,  using  the  3’-end  of  each  gene’s  untranslated 
sequence  using  10  different  prediction  algorithms  (miRWalk  [15],  Microt4  [34],  miRanda  [35], 
miRDB  [36],  miRMap  [37],  miRNAMap  [38],  PITA  [39],  RNA22  [40],  RNAhybrid  [16],  and 
Targetscan  [41]).  Second,  from  the  above  potential  genes,  we  further  chose  the  genes  that  were 
responsive  to  treatment  with  RANKL  (FDR-corrected  p  <  0.05)  and  had  fold  change  greater  than 

1.5.  Lastly,  using  Gene  Ontology  annotations  the  genes  relating  to  osteoclasts  were  filtered  and 
selected  as  target  genes.  For  each  of  the  target  genes,  the  number  of  positive  hits  among  the  10 
algorithms  was  grayscale-coded  as  a  confidence  measure  of  in  silico  prediction. 

4.5.  Transfection  of  the  inhibitor  and  mimic  of  miR-221-3p,  miR-222-3p  and  c-Src  siRNA 
Cells  were  treated  with  the  inhibitor  and  mimicking  agent  of  miR-221-3p  and  miR-222-3p,  as 
well  as  siRNA  specific  to  c-Src  (Life  Technologies).  The  selected  target  sequences  were:  5’- 


AGC  UAC  AUU  GUC  UGC  UGG  GUU  UC  -3’  (inhibitor  and  mimic  of  miR-221-3p);  5’-AGC 
UAC  AUC  UGG  CUA  CUG  GGU-3’  (inhibitor  and  mimic  of  miR-222-3p);  and  5’-GGA  AGA 
ACC  CAU  UUA  CAU  U-3’  (c-Src  siRNA).  As  a  nonspecific  control,  mirVana™  miRNA 
Inhibitor  Negative  Control  #1  (5’-  UUACGUCGUCGCGUCGUUAU  -3’),  mirVana™  miRNA 
Mimic  Negative  Control  #1  (5’-  UAACGACGCGACGACGUAA  -3’),  and  a  negative  siRNA 
(5’-UGU  ACU  GCU  UAC  GAU  UCG  G-3’)  (Life  technologies)  were  used.  Cells  were 
transiently  transfected  with  siRNA  for  c-Src  or  control  in  Opti-MEM  I  medium  with 
Lipofectamine  RNAiMAX  (Life  Technologies).  Twelve  hours  later,  the  medium  was  replaced 
by  regular  culture  medium.  The  efficiency  of  silencing  was  assessed  with  immunoblotting  or 
quantitative  PCR  48-72  h  after  transfection. 

4. 6.  Quantitative  real-time  PCR 

Total  RNA  was  extracted  using  an  RNeasy  Plus  mini  kit  (Qiagen,  Germantown,  MD,  USA). 
Reverse  transcription  was  conducted  with  high  capacity  cDNA  reverse  transcription  kits 
(Applied  Biosystems,  Carlsbad,  CA,  USA),  and  quantitative  real-time  PCR  was  performed  using 
ABI  7500  with  Power  SYBR  green  PCR  master  mix  kits  (Applied  Biosystems).  We  evaluated 
miRNA  levels  of  miR-27b-3p,  miR-125b-5p,  miR-146a-5p,  miR-182-5p,  miR-221-3p,  and  miR- 
222-3p  (Table  1),  as  well  as  mRNA  levels  of  NFATcl,  TRAP,  cathepsin  K,  Dcstamp,  and  c-Src 
using  primers  listed  in  Table  2.  SnoRNA202  (for  miRNA)  and  GAPDH  (for  mRNA)  were  used 
for  internal  control. 


4. 7.  Western  Immunoblotting 


Cells  were  lysed  in  a  radioimmunoprecipitation  assay  (RIP A)  buffer  containing  protease 
inhibitors  (Santa  Cruz  Biotechnology,  Santa  Cruz,  CA,  USA)  and  phosphatase  inhibitors 
(Calbiochem,  Billerica,  MA,  USA).  Isolated  proteins  were  fractionated  using  10-12%  SDS  gels 
and  electro-transferred  to  Immobilon-P  membranes  (Millipore,  Billerica,  MA,  USA).  The 
membrane  was  incubated  for  1  h  with  primary  antibodies  followed  by  45  min  incubation  with 
goat  anti-rabbit  or  anti-mouse  IgG  conjugated  with  horseradish  peroxidase  (Cell  Signaling, 
Danvers,  MA,  USA).  We  used  antibodies  against  NFATcl  and  cathepsin  K  (Santa  Cruz),  TRAP 
(Abeam),  c-Src  (Cell  Signaling),  and  (l-actin  (Sigma).  Protein  levels  were  assayed  using  a 
SuperSignal  west  femto  maximum  sensitivity  substrate  (Thermo  Scientific),  and  signal 
intensities  were  quantified  with  a  luminescent  image  analyzer  (LAS-3000,  Fuji  Film,  Tokyo, 
Japan). 

4.8.  Live  cell  imaging  for  c-Src  activity  using  FRET 

To  visualize  the  activity  of  c-Src  in  response  to  the  inhibitor  of  miR-222-3p,  FRET  imaging  was 
conducted  using  cyan  fluorescent  protein  (CFP)-yellow  fluorescent  protein  (YFP)  c-Src 
biosensor.  The  biosensors  were  transfected  into  the  cells  using  a  Neon  transfection  system  (Life 
Technologies).  Time-lapse  images  of  c-Src  FRET  activity  were  acquired  at  an  interval  of  2  min 
using  a  fluorescence  microscope  (Nikon,  Tokyo,  Japan).  The  filter  sets  were  chosen  for  CFP 
excitation  at  438  ±  24  nm  (center  wavelength  ±  bandwidth),  CFP  emission  at  483  ±  32  nm,  and 
YFP  emission  at  542  ±  27  nm.  The  level  of  c-Src  activity  was  determined  by  computing  an 
emission  ratio  of  CFP/YFP  for  individual  cells  using  NIS-Elements  software  (Nikon).  The 
FRET  ratio  images  were  scaled  according  to  the  color  bar. 


4.9.  TRAP  staining  and  bond  resorption  assay 

For  TRAP  staining,  RAW264.7  cells  were  transfected  with  non-specific  control  siRNA  or  Src 
siRNA  and  cultured  for  4  days  in  a  96-well  plate  (0.5 xlO4  cells/well)  in  the  presence  and  absence 
of  50  ng/ml  RANKL.  Cells  were  then  treated  for  TRAP  staining  using  an  acid  phosphatase 
leukocyte  kit  (Sigma,  St.  Louis,  MO,  USA).  The  number  of  TRAP-positive  cells  containing 
three  or  more  nuclei  was  determined.  For  a  bone  resorption  assay,  RAW264.7  cells  were  plated 
at  2.5x10  cells/well  using  a  bone  resorption  assay  plate  (Cosmo  Bio,  Tokyo,  Japan)  and  cultured 
with  50  ng/ml  RANKL  for  5  days.  Cells  were  then  removed  from  the  plate,  and  the  pit  area 
generated  by  osteoclast  activity  was  determined  using  an  optical  microscope  (TS100,  Nikon, 
Tokyo,  Japan). 

4.10.  Statistical  analysis 

Three  or  four-independent  experiments  were  conducted  and  data  were  expressed  as  mean  ±  S.D. 
For  comparison  among  multiple  samples,  ANOVA  followed  by  post  hoc  tests  was  conducted. 

For  the  mRNA  microarray,  a  Benjamini-Hochberg  correction  was  applied  to  determine  the  false 
detection  rate.  Statistical  significance  was  evaluated  at p<  0.05.  The  single  and  double  asterisks 
and  daggers  indicate  p  <  0.05  and  p  <  0.01,  respectively.  To  determine  intensities  in 
immunoblotting,  images  were  scanned  with  Adobe  Photoshop  CS2  (Adobe  Systems,  San  Jose, 
CA,  USA)  and  quantified  using  Image  J. 


5.  Conclusions 


This  study  revealed  that  miR-222-3p  suppresses  RANKL-driven  osteoclastogenesis.  The 
observed  suppression  was  mediated  by  c-Src,  since  inhibition  of  miR-222-3p  elevated  expression 
of  c-Src  and  a  partial  silencing  of  c-Src  reduced  expression  of  the  osteoclast  marker  genes  such 
as  TRAP  and  cathepsin  K.  The  role  of  miRNAs  has  not  been  fully  understood  in  bone-related 
metabolic  diseases  and  cancer.  The  result  in  this  study  may  contribute  to  developing  a  novel 
therapeutic  strategy  for  prevention  of  bone  loss  in  many  skeletal  diseases. 
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Tables 


Table  1.  Targeted  miRNA  sequences. 


miRNA 

targeted  miRNA  sequences 

27b-3p 

5’-  UU C AC AGU GGCU A AGUU CU GC  -3’ 

125b-5p 

5’-  UCCCUGAGACCCUAACUUGUGA  -3’ 

146a-5p 

5’-  UGAGAACUGAAUUCCAUGGGUU  -3’ 

182-5p 

5’-  UUUGGCAAUGGUAGAACUCACACCG  -3’ 

221-3p 

5’-  AGCU AC AUU GU CU GCU GGGUUU C  -3’ 

222-3p 

5’-  AGCUACAUCUGGCUACUGGGU  -3’ 

SnoRNA202 

5’-  GCTGTACTGACTTGATGAAAGTACTTTTGAACCCTTTTCCATCTGATG  -3’ 

Table  2.  Real-time  PCR  primers  for  mRNAs. 


gene 

forward  primer 

backward  primer 

c-Src 

5’-  TCCTTT GGG ATT CT GCT G AC  -3’ 

5’-  T  GT  GGCT  C  AGT  GG  AC  GT  AAA  -3’ 

cat  K 

5’-  C  AGCTTCCCC  A  AG  AT  GT  GAT  -3’ 

5’-  AGCACCAACGAGAGGAGAAA  -3’ 

Dcstamp 

5  ’  -  A  A  A  ACCCTT  GGGCT  GTTCTT -3  ’ 

5  ’  -  A  ATC  AT  GG  ACG  ACT  CCTT  GG-3  ’ 

NFATcl 

5’-  GGT  GCTGT  CT  GGCC  AT  A  ACT  -3’ 

5’-  GCGG  A  A  AGGT  GGT  ATCTC  A  A  -3’ 

TRAP 

5’-  TCCTGGCTCAAAAAGCAGTT  -3’ 

5’-  ACATAGCCCACACCGTTCTC  -3’ 

GAPDH 

5’-  T  GC  ACC  ACC  A  ACT  GCTT  AG  -3’ 

5’-  GG  AT  GC  AGGG  AT  GAT  GTT  C  -3’ 

Figure  Legends 

Figure  1.  Microarray-based  miRNA  expression  analysis.  Cells  were  stimulated  with  20  ng/ml 
RANKL  for  2  days.  (A)  Heat  map  of  the  selected  miRNAs  (signal  values  <  500  and  p  <  0.05)  in 
response  to  RANKL.  The  green  and  red  colors  indicate  downregulation  and  upregulation, 
respectively.  Of  note,  Cl,  C2,  and  C3  are  control  samples,  and  Rl,  R2,  and  R3  are  RANKL- 
treated  samples.  (B)  PCA  for  6  samples  (C1-C3,  and  R1-R3)  in  the  first  and  second  principal 
plane.  (C)  PCA  for  miRNAs  in  the  first  and  second  principal  plane.  Two  miRNAs  (221-3p  and 
222-3)  are  positioned  with  the  smallest  values  along  the  second  principal  axis. 

Figure  2.  PCR-based  mRNA  and  miRNA  expression  levels  on  days  2  and  4  after  RANKL 
addition  (n  =  5).  CN  =  control  sample;  and  RANKL  =  RANKL-treated  sample  (20  ng/ml).  (A) 
NFATcl  mRNA  level.  (B)  TRAP  mRNA  level.  (C)  miR-125b-5b  level.  (D)  miR-146a-5p 
level.  (E)  miR-182-5p  level.  (F)  miR-27b-3p  level.  (G)  miR-221-3p  level.  (H)  miR-222-3p 
level. 

Figure  3.  Effects  of  miR22  l-3p  inhibitor  and  mimicking  agent.  Of  note,  50  ng/ml  RANKL  was 
used  for  1  day  in  (C)  and  (D).  The  sample  number  was  3  in  (A)  and  (B),  4  in  (C),  and  6  in  (D). 
NC  =  non-specific  control.  (A)  miR-221-3p  level  in  response  to  its  inhibitor.  (B)  miR-221-3p 
level  in  response  to  its  mimicking  agent.  (C)  NFATcl,  TRAP,  and  cathepsin  K  mRNA  levels  in 
response  to  miR-221-3p  inhibitor.  (D)  NFATcl,  TRAP,  and  cathepsin  K  mRNA  levels  in 
response  to  miR-221-3p  mimic. 


Figure  4.  Effects  of  miR222-3p  inhibitor  and  mimicking  agent.  Of  note,  50  ng/ml  RANKL  was 
used  for  1  day  in  (C)  and  (D).  The  sample  number  was  3  in  (A)  and  (B),  and  4  in  (C)  and  (D). 
NC  =  non-specific  control.  (A)  miR-222-3p  level  in  response  to  its  inhibitor.  (B)  miR-222-3p 
level  in  response  to  its  mimicking  agent.  (C)  NFATcl,  TRAP,  and  cathepsin  K  mRNA  levels  in 
response  to  miR-222-3p  inhibitor.  (D)  NFATcl,  TRAP,  and  cathepsin  K  mRNA  levels  in 
response  to  miR-222-3p  mimic. 

Figure  5.  Western  blot  analysis  of  NFATcl,  TRAP,  and  cathepsin  K  in  response  to  the  inhibitor 
or  mimic  specific  to  miR-222-3p.  Of  note,  50  ng/ml  RANKL  was  used  for  3  days  in  all  cases. 
The  sample  number  was  3  in  (C)  and  (D).  NC  =  non-specific  control;  inh  =  inhibitor;  and  mim  = 
mimicking  agent.  (A)  Expression  of  NFATcl,  TRAP,  and  cathepsin  K  in  response  to  the 
inhibitor  of  miR-222-3p.  (B)  Expression  of  NFATcl,  TRAP,  and  cathepsin  K  in  response  to  the 
mimic  of  miR-222-3p.  (C  &  D)  Quantified  expression  levels  of  TRAP  and  cathepsin  K, 
respectively,  in  response  to  the  inhibitor  and  mimic  of  miR-222-3p. 

Figure  6.  RANKL  responsive  genes  and  their  potential  link  to  miRNAs.  (A)  Heat  map  of 
RANKL-responsive  genes  that  are  related  to  osteoclasts.  The  blue  and  red  colors  indicate 
downregulation  and  upregulation,  respectively.  Note  that  CN1,  CN2,  and  CN3  are  control 
samples,  and  RN1,  RN2,  and  RN3are  RANKL-treated  samples.  (B)  Predicted  link  between 
RANKL-responsive  genes  and  miRNAs.  The  grey  code  indicates  a  confidence  measure  of  in 
silico  prediction. 


Figure  7.  Responses  of  c-Src  and  Dcstamp  to  the  inhibitor  of  miR-222-3p.  Of  note,  50  ng/ml 
RANKL  was  used  for  1  day.  The  sample  number  was  4  in  (A),  and  the  scale  bar  is  10  pm  in  (B). 
NC  =  non-specific  control;  and  inh  =  inhibitor  of  miR-222-3p.  (A)  c-Src  and  Dcstamp  mRNA 
levels  in  response  to  the  inhibitor  of  miR-222-3p.  (B)  c-Src  activity  levels  in  response  to  the 
inhibitor  of  miR-222-3p. 

Figure  8.  Effects  of  c-Src  siRNA.  Of  note,  50  ng/ml  RANKL  was  used  for  2  days  in  (B)  -  (E). 
The  sample  number  was  3  in  all  cases.  NC  =  non-specific  control  siRNA.  (A)  c-Src  mRNA 
levels  in  response  to  c-Src  siRNA.  (B)  Western  blot  analysis  of  c-Src,  NFATcl,  TRAP,  and 
cathepsin  K  in  response  to  c-Src  siRNA.  (C)  Quantified  protein  levels  of  c-Src  in  response  to  c- 
Src  siRNA.  (D)  Quantified  protein  levels  of  NFATcl,  TRAP  and  cathepsin  K  in  response  to  c- 
Src  siRNA.  (E)  Levels  of  miR-221-3p  and  miR-222-3p  in  response  to  c-Src  siRNA. 

Figure  9.  TRAP  staining  and  osteoclast  activity  in  the  presence  of  c-Src  siRNA.  NC  =  non¬ 
specific  control  siRNA.  (A  &  B)  Number  of  multi-nucleated  cells  and  TRAP  staining  in  the 
presence  and  absence  of  50  ng/ml  RANKL  for  4  days.  (C  &  D)  Number  of  pits  and  their  images 
in  the  presence  and  absence  of  50  ng/ml  RANKL  for  5  days. 

Figure  10.  Schematic  illustration  of  the  role  of  miR-222-3p  in  RANKL-stimulated 
osteoclastogenesis. 
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ABSTRACT 


Salubrinal  is  a  synthetic  chemical  that  inhibits  de-phosphorylation  of  eukaryotic  translation 
initiation  factor  2  alpha  (eIF2a).  Salubrinal’s  effects  on  bone  remodeling  were  studied  using  a 
mouse  model  of  postmenopausal  osteoporosis  and  primary  and  bone  cell  line  cultures. 
Administration  of  salubrinal  to  ovariectomized  (OVX)  mice  suppressed  OVX-induced  increase 
in  body  weight  and  decrease  in  bone  mineral  density.  In  cultures  of  primary  bone  marrow- 
derived  cells,  salubrinal  increased  the  colony-forming  unit-fibroblast  (CFU-F)  and  osteoblasts 
(CFU-OBL).  It  also  reduced  the  formation  of  mature  osteoclasts  and  suppressed  their  migration 
and  adhesion.  In  MC3T3  osteoblast-like  cells,  salubrinal  increased  phosphorylation  of 
eIF2a  and  expression  of  Activating  Transcription  Factor  4  (ATF4).  In  RAW264.7  pre¬ 
osteoclasts,  salubrinal  reduced  expression  of  Nuclear  Factor  of  Activated  T-cells  cytoplasmic  1 
(NFATcl),  a  master  transcription  factor  for  development  of  osteoclasts.  Live  cell  imaging  and  a 
partial  silencing  by  RNA  interference  demonstrated  that  suppression  of  osteoclastogenesis  is  in 
part  mediated  by  Racl  GTPase,  which  is  downregulated  by  salubrinal-driven  elevation  of  eIF2a 
phosphorylation.  It  is  concluded  that  salubrinal  attenuates  OVX-induced  bone  loss  by  altering 
proliferation  and  differentiation  of  pre-osteoblasts  and  pre-osteoclasts  downstream  of 
eIF2a  signaling. 
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Introduction 


Bone  remodeling  is  a  continuous  bone  destroying  and  rebuilding  process,  undertaken  mainly  by 
bone-resorbing  osteoclasts  and  bone-forming  osteoblasts/1*  Diminished  bone  formation*7*  and/or 
excessive  bone  resorption  during  bone  remodeling  results  in  osteoporosis,  a  common  skeletal 
disease  characterized  by  low  bone  mass  and  increased  risk  of  fractures.*3*  In  postmenopausal 
women,  bone  loss  is  often  induced  by  a  decrease  in  the  production  of  estrogen  that  is  known  to 
maintain  the  appropriate  ratio  of  osteoblasts  to  osteoclasts.*4*  Postmenopausal  osteoporosis,  can 
be  treated  by  a  variety  of  drugs  including  antiresorptive  agents  such  as  estrogen  and  estrogen 
analogs,*5*  bisphosphonates,*6'8*  denosumab,*9*  and  odancatib,*10*  and  anabolic  agents  including 
synthetic  peptides  derived  from  the  parathyroid  hormone  sequence  (Teriparatide),*11’ 12*  as  well  as 
emerging  monoclonal  therapies  targeted  to  sclerostin.*13*  None  of  them,  however,  provide  an 
ideal  therapeutic  option  because  of  side  effects  and/or  limited  efficacy. 

Salubrinal  is  a  synthetic  chemical  (480  Da,  C21H17CI3N4OS)  known  to  block  the  de¬ 
phosphorylation  of  eukaryotic  translation  initiation  factor  2  alpha(eIF2a).*14*  The  elevated 
phosphorylation  level  of  eIF2aactivates  translation  of  Activating  Transcription  Factor  4  (ATF4), 
which  is  one  of  the  key  transcription  factors  in  bone  formation.*15, 16*  Little  is  known,  however, 
on  its  effects  on  the  development  of  bone  marrow-derived  cells,  which  give  rise  to  both  bone¬ 
forming  osteoblasts  and  bone-resorbing  osteoclasts.  Furthermore,  how  eIF2a  interacts  with  Rho 
family  GTPases,  such  as  Racl,  which  play  important  roles  in  bone  formation  and  resorption, 
remains  elusive.  (l7"19) 
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The  ovariectomized  (OVX)  mouse  model  mimics  the  increased  bone  turnover  induced  by 
menopause  in  humans/20, 21 )  These  mice  exhibit  significantly  increased  bone  resorption,  with  a 
lesser  increase  in  bone  formation.122'  They  also  show  an  increase  in  body  weight  and  a  decrease 
in  uterus  weight.'23  ’  We  investigated  here  the  effects  of  administration  of  salubrinal  to 
ovariectomized  mice,  focusing  on  its  dual  effects  regulating  osteoblasts  and  osteoclasts.  We  also 
studied  the  ex  vivo  and  in  vitro  effects  of  salubrinal  on  primary  bone  marrow-derived  cells 
cultured  in  osteoblast  or  osteoclast  differentiation  media,  as  well  as  the  drug’s  action  on 
osteoblastic  or  pre-osteoclastic  cell  lines.  Our  study  demonstrates  that  salubrinal  attenuates  the 
bone  loss  induced  by  estrogen  deficiency  by  altering  the  proliferation  and  differentiation  of 
osteoclasts  and  osteoblasts. 
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Materials  and  Methods 


Ovariectomized  mouse  model  and  subcutaneous  administration  of  salubrinal 
Thirty-six  C57BL/6  female  mice  (~12  weeks  of  age)  were  used.  Four  to  five  mice  per  cage  were 
housed  at  the  Indiana  University  Animal  Care  Facility  and  fed  with  mouse  chow  and  water  ad 
libitum.  Experimental  procedures  were  approved  by  the  Indiana  University  Animal  Care  and 
Use  Committee  and  were  in  compliance  with  the  Guiding  Principles  in  the  Care  and  Use  of 
Animals. 

Twenty-four  mice  were  ovariectomized.  All  animals  were  weighed  prior  to  surgery  and 
again  before  sacrifice.  Anesthesia  was  induced  with  1.5%  isoflurane  (IsoFlo,  Abbott 
Laboratories,  North  Chicago,  IL)  at  a  flow  rate  of  0.5  to  1 .0  L/min.  After  shaving  the  hair  at  the 
operative  site  (dorsal  mid-lumbar  area),  the  skin  was  cleaned  with  70%  alcohol  and  10% 
povidone  iodine  solution.  Using  a  scalpel,  a  20  mm  midline  dorsal  skin  incision  was  made  to 
access  the  ovaries.  After  they  were  excised  with  scissors,  the  wound  was  closed  by  suturing/24, 
25)  For  the  sham  control  mice,  the  same  procedure  was  conducted  without  removing  the  ovaries. 
At  4  weeks  after  surgery,  half  (24)  of  the  OVX  mice  received  subcutaneous  injections  of 
salubrinal  (Tocris  Bioscience,  Ellisville,  MO,  USA)  in  49.5%  PEG400  and  0.5%  Tween  80  daily 
at  a  dose  of  1  mg/kg  body  weight  for  4  weeks,  while  the  other  half  received  an  equal  volume  of 
vehicle  as  control.(16)  Mice  were  sacrificed  at  week  8. 

Measurements  of  bone  mineral  density,  bone  mineral  content,  fat,  and  uterus  weight 
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Using  peripheral  dual  energy  X-ray  absorptiometry  (DXA;  PIXImus  II,  Lunar  Corp.,  Madison, 
WI,  USA),  bone  mineral  density  (BMD,  g/cm  )  and  bone  mineral  content  (BMC,  mg)  of  whole 
body  (excluding  the  head),  lumbar  spine,  femur,  tibia,  and  percentage  of  total  and  abdominal  fat 
were  measured  using  mouse-specific  software  (version  1 .47). (26' 27)  Mice  were  anesthetized  in  an 
anesthetic  induction  chamber  and  then  mask-anesthetized  using  1.5%  isoflurane,  placed  on  the 
platform  in  the  prone  position,  and  images  acquired  in  about  5  min.  After  sacrifice  in  week  8, 
the  uteri  were  harvested  and  wet  weight  taken  with  an  electronic  balance.  Dissected  bones  were 
cleaned  of  soft  tissue  and  fixed  in  10%  neutral  buffered  formalin.  After  48  h,  bones  were 
transferred  to  70%  alcohol  for  storage.  BMD  and  BMC  of  isolated  bone  samples  (lumbar  spine, 
femur  and  tibia)  were  determined. 

Bone  histomorphometry 

The  femurs  were  fixed  in  10%  neutral  buffered  formalin  for  two  days  and  decalcified  in  14% 
EDTA  for  2  weeks.  Decalcified  samples  were  embedded  in  paraffin,  and  5 -mm- thick  coronal 
sections  were  cut  with  a  Leica  RM2255  microtome  (Leica  Microsystems  Inc.,  Bannockburn,  IL). 
The  slides  were  then  processed  for  hematoxylin  and  Eosin  (H&E)  staining.  The  images  of  the 
distal  femur  were  captured  with  an  Olympus  BX53  microscope  and  Olympus  DP73  camera. 
Measurements  were  performed  within  2.6-mm  sample  area  on  the  proximal  side  of  the  growth 
plate,  in  which  BV/TV  (in  %,  TV,  total  tissue  area,  calculated  from  the  total  tissue  area;  and  BV, 
trabecular  bone  area,  calculated  from  the  total  trabecular  area)  was  determined. 

Isolation  of  bone  marrow-derived  cells  for  osteoclast  development 
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Using  a  23-gauge  needle,  bone  marrow-derived  cells  were  collected  by  flushing  the  iliac,  femur, 
and  tibia  with  Iscove’s  MEM  (Gibco-Invitrogen,  Carlsbad,  CA,  USA)  containing  2%  fetal 
bovine  serum  (FBS).(28)  Cells  were  separated  by  low-density  gradient  centrifugation  and 
cultured  in  a-MEM  supplemented  with  10%  FBS,  30  ng/ml  murine  macrophage-colony 
stimulating  factor  (M-CSF),  and  20  ng/ml  murine  receptor  activator  of  nuclear  factor  kappa-B 
ligand  (RANKL).  On  day  3,  the  culture  medium  was  replaced  by  a-MEM  supplemented  with  10% 
FBS,  30  ng/ml  M-CSF,  and  60  ng/ml  RANKE,  and  cells  were  grown  for  an  additional  3  days.1291 

Assays  for  colony-forming  unit-fibroblasts  1CFU-F)  and  CFU-osteoblasts  (CFU-OBL) 

To  evaluate  the  ability  of  fibroblast-like  mesenchymal  stem  cell  (MSC)  colony  formation  in  the 
CFU-F  assay,  bone  marrow-derived  cells  were  fractionated  using  a  Ficoll-Hypaque  density 
gradient.  Approximately  2  x  106  cells/ml  MSCs  were  cultured  in  6- well  culture  plates  in  a 
complete  MesenCult  medium/29  3  Fresh  medium  was  exchanged  every  other  day.  On  day  14, 
cells  were  rinsed  with  PBS  and  stained  using  a  HEMA-3  quick  staining  kit  (Fisher  Scientific, 
Waltham,  MA,  USA).  The  number  of  CFU-F  colonies  with  more  than  50  cells  was  counted,  and 
the  clusters  of  cells  that  did  not  present  fibroblast-like  morphology  were  excluded. 

In  the  CFU-OBF  assay,  bone  marrow-derived  cells  isolated  from  three  groups  of  mice 
(sham  control,  OVX,  and  salubrinal-injected  OVX  mice)  were  plated  at  2  x  106  cells/ml  in  6- 
well  plates  consisting  of  osteogenic  differentiation  medium  (MesenCult  proliferation  kit, 
supplemented  with  10  nM  dexamethasone,  50  gg/ml  ascorbic  acid  2-phosphate,  and  10  mM  (I- 
glycerophosphate)/30’ 32’ 33)  The  medium  was  changed  every  other  day,  and  cells  were  cultured 
for  2  weeks.  For  alkaline  phosphatase  (AFP)  staining,  cells  were  fixed  in  citrate -buffered 
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acetone  for  30  s,  incubated  in  the  alkaline-dye  mix  for  30  min,  and  counterstained  with  Mayer's 
Hematoxylin  for  10  min.  The  intensity  of  ALP  staining  in  cells  was  determined  microscopically. 

Colony-forming  unit-macrophage/monocvte  (CFU-M)  assay 

The  CFU-M  assay  was  conducted  using  bone  marrow  mononuclear  cells  as  described 
previously/29,34'3^  Approximately  2.5  x  104  bone  marrow-derived  cells  from  the  femur  were 
prepared  from  each  of  the  sham  control,  OVX,  and  salubrinal-injected  OVX  mice.  Cells  were 
seeded  onto  a  3  5 -mm  gridded  dish,  which  was  composed  of  methylcellulose  supplemented  with 
30  ng/ml  M-CSF  and  20  ng/ml  RANKL.  Cells  were  cultured  at  37°C  in  a  5%  CO2  incubator  for 
7  days  in  the  presence  and  absence  of  salubrinal.  The  colony  numbers  of  CFU-M  were 
converted  to  the  numbers  per  femur. 

Assay  for  differentiation  to  mature  osteoclasts 

The  osteoclast  differentiation  assay  was  performed  using  bone  marrow-derived  cells  in  96-well 
plates  in  the  presence  of  1,  2,  or  5  pM  salubrinal/29, 371  During  6-day  experiments,  the  culture 
medium  was  exchanged  once  on  day  4.  Adherent  cells  were  fixed  and  stained  with  a  tartrate 
resistant  acid  phosphate  (TRACP)-staining  kit  according  to  the  manufacturer’s  instructions. 
TRACP-positive  multinucleated  cells  (>3  nuclei)  were  identified  as  mature  osteoclasts,  and  the 
area  covered  by  mature  osteoclasts  was  determined. 

Assays  for  the  migration  and  adhesion  of  osteoclasts 

Migration  of  osteoclasts  was  evaluated  using  a  transwell  assay  as  described  previously  with 
minor  modifications/28, 29)  Bone  marrow-derived  cells  (2  x  106  cells/ml  in  6-well  plates)  were 
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cultured  in  M-CSF  and  RANKL  for  4  days,  and  trypsinized  in  Hank’s  balanced  salt  solution. 

The  osteoclast  precursor  cells  (1  x  105  cells/well)  were  loaded  onto  the  upper  chamber  of 
transwells  and  allowed  to  migrate  to  the  bottom  chamber  through  an  8 -pm  polycarbonate  filter 
coated  with  vitronectin  (Takara  Bio  Inc.,  Otsu,  Shigma,  Japan).  The  bottom  chamber  contained 
a-MEM  consisting  of  1%  bovine  serum  albumin  (BSA)  and  30  ng/ml  M-CSF.  After  6  h  reaction, 
the  number  of  osteoclast  precursor  cells  in  the  lower  chamber  (attached  onto  the  bottom  of  the 
transwells)  was  counted.  For  assaying  adhesion,  osteoclast  precursor  cells  (1  x  105  cells/well) 
were  placed  into  96-well  plates  coated  with  5  pg/ml  vitronectin  in  a-MEM  supplemented  with  30 
ng/ml  M-CSF.*28, 29)  After  30  min  of  incubation,  cells  were  washed  with  PBS  three  times  and 
fixed  with  4%  paraformaldehyde  at  room  temperature  for  10-15  min.  Cells  were  stained  with 
crystal  violet,  and  the  number  of  cells  adherent  to  avP3  was  counted/28, 29) 

Quantitative  PCR  and  Western  blot  analysis 

RAW264.7  mouse  monocyte/macrophage  cells  and  MC3T3-E1  osteoblast-like  cells  (C14  clone) 
were  grown  in  aMEM  containing  10%  FBS  and  antibiotics  (50  units/ml  penicillin,  and  50  pg/ml 
streptomycin;  Life  Technologies,  Grand  Island,  NY,  USA).*38*  To  induce  osteoclastogenesis, 
RAW264.7  cells  were  incubated  with  20  ng/ml  of  RANKL.  For  quantitative  PCR,  total  RNA 
was  extracted  using  an  RNeasy  Plus  mini  kit  (Qiagen,  Germantown,  MD,  USA)  and  reverse 
transcription  was  conducted  with  high  capacity  cDNA  reverse  transcription  kits  (Applied 
Biosystems,  Carlsbad,  CA,  USA).  Real-time  PCR  was  performed  using  Power  SYBR  green 
PCR  master  mix  kits  (Applied  Biosystems).  The  PCR  primers  were:  NFATcl  (5’-GGT  GCT 
GTC  TGG  CCA  TAA  CT-3’;  and  5’-GCG  GAA  AGG  TGG  TAT  CTC  AA-3’), osteocalcin 
(OCN,  5’-  CCG  GGA  GCA  GTG  TGA  GCT  TA-3’;  5’-  AGG  CGG  TCT  TCA  AGC  CAT  ACT- 
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3’),  cathepsin  K  (5’-  C AGCTT CCCC AAG AT GT GAT  -3’;  and  5’- 

AGCACCAACGAGAGGAGA  AA-3’);  DcStamp  (5  ’  -  A  AAACCCTT  GGGCT  GTT  CTT-3  ’ ;  and 
5  ’  - AATC ATGGACGACTCCTT GG-3  ’ ),  and  Atp6v0d2  (5  ’  - AAGCCTTTGTTT GACGCTGT-3  ’ ; 
and  5’-TTCGATGCCTCTGTGAGATG-3’),  and  GAPDH  (5’-TGC  ACC  ACC  AAC  TGC  TTA 
G-3’;  and  5’-GGA  TGC  AGG  GAT  GAT  GTT  C-3’)  which  was  used  as  an  internal  control. 

For  Western  blot  analysis,  bone  marrow-derived  cells,  RAW264.7  cells,  or  MC3T3-E1 
cellswere  lysed  in  a  RIPA  lysis  buffer  containing  protease  inhibitors  (Santa  Cruz,  Santa  Cruz, 
CA,  USA)  and  phosphatase  inhibitors  (Calbiochem,  Billerica,  MA,  USA).  Isolated  proteins 
were  fractionated  using  10%  SDS  gels  and  electro-transferred  to  Immobilon-P  membranes 
(Millipore,  Billerica,  MA,  USA).  Antibodies  specific  to  ATF4,  cathepsin  K,  NFATcl,  and 
TRAP  (Santa  Cruz),  eIF2a  (Cell  Signaling,  Danvers,  MA,  USA),  phospho-eIF2a  (Thermo 
Scientific,  Waltham,  MA,  USA),  Racl  (Millipore),  and  p-actin  (Sigma)  were  used.  Protein 
levels  were  assayed  using  a  SuperSignal  west  femto  maximum  sensitivity  substrate  (Thermo 
Scientific)  and  signal  intensities  were  quantified  with  a  luminescent  image  analyzer  (LAS-3000, 
Fuji  Film,  Tokyo,  Japan). 

Fluorescence-based  osteoclast  activity  assay 

Osteoclast  activity  was  evaluated  using  a  bone  resorption  assay  kit  (Cosmo  Bio,  Carlsbad,  CA, 
USA).  In  brief,  RAW264.7  cells  were  cultured  for  7  days  in  each  of  48  wells  that  were  coated 
with  fluoresceinamine-labeled  calcium  phosphate.  The  effects  of  RANKL  and  salubrinal  on 
osteoclast  activity  were  evaluated  by  measuring  fluorescence  intensity  of  the  culture  medium  at 
an  excitation  wavelength  of  485  nm  and  emission  wavelength  of  535  nm. 


10 


Fluorescence  resonance  energy  transfer  (FRET)  imaging 

In  order  to  evaluate  the  effects  of  salubrinal  on  Racl  activity,  we  conducted  single  live  cell 
imaging  using  RAW264.7  cells  and  a  Racl  FRET  biosensor. (39)  The  biosensor  was  composed  of 
a  binding  domain  of  an  effector  protein  for  Racl  (PAK1;  p21  protein-activated  kinase  1), 
together  with  a  cyan  fluorescent  protein  (CFP)  and  a  yellow  fluorescent  protein  (YFP).  Racl 
activation  results  in  conformational  changes  that  shift  FRET  efficiency  from  CFP  to  YFP. 

Hence,  the  level  of  Racl  activity  can  be  determined  by  an  intensity  ratio  of  YFP/CFP  in 
individual  cells.  The  specificity  of  the  biosensor  has  been  well  characterized. (17,39’40)  The  filter 
sets  (Semrock)  were  chosen  for  exciting  CFP  at  438  ±  24  nm  (center  wavelength  ±  bandwidth), 
and  emission  for  CFP  and  YFP  at  483  ±  32  nm  and  542  ±  27  nm,  respectively.  Fluorescent  time- 
lapse  images  were  acquired  at  an  interval  of  5  min  using  a  Ti-E  inverted  microscope  (Nikon)  that 
was  equipped  with  a  40x  (0.75  numerical  aperture)  objective,  a  charge-coupled  device  (CCD) 
camera  (Photometries),  and  a  filter  wheel  controller  (Sutter).  Final  FRET  images  (emission 
ratios  of  YFP/CFP)  were  generated  by  NIS-Elements  software  (Nikon). 

Knockdown  of  eIF2a  and  Racl  by  siRNA 

RAW264.7  cells  were  treated  with  siRNA  specific  to  eIF2a  and  Racl  (Life  Technologies). 
Selected  target  sequences  for  knockdown  of  eIF2aand  Racl  were:  eIF2a,  5’- 
CGGUCAAAAUUCGAGCAGA-3’,  and  Racl,  5’-GCA  UUU  CCU  GGA  GAG  UAC  A  -3’;  as 
a  nonspecific  control,  negative  siRNAs  (control  siRNA- A,  Santa  Cruz;or  5’-UGU  ACU  GCU 
UAC  GAU  UCG  G-3’,  Life  Technologies)  were  used.  Cells  were  transiently  transfected  with 
siRNA  for  eIF2a,  Racl,  or  control  in  Opti-MEM  I  medium  with  Lipofectamine  RNAiMAX 
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(Life  Technologies).  Six  hours  later,  the  medium  was  replaced  by  regular  culture  medium.  The 
efficiency  of  silencing  was  assessed  with  immunoblotting  48  h  after  transfection. 

Statistical  analysis 

The  data  were  expressed  as  mean  ±  standard  error  of  mean  (SEM).  Statistical  significance 
among  the  experimental  groups  was  examined  using  one-way  ANOVA.  For  pair-wise 
comparisons,  a  post-hoc  test  was  conducted  using  Fisher’s  protected  least  significant  difference. 
For  the  time-lapse  FRET  imaging  data,  mean  activation  levels  of  Racl  were  determined  at  each 
time  point  relative  to  time  zero,  and  one-way  ANOVA  with  Dunnett’s  post  hoc  test  was  used  to 
determine  the  statistical  differences.  A  paired  /-test  was  employed  to  evaluate  statistical 
significance  between  the  salubrinal-injected  and  control  samples.  All  comparisons  were  two- 
tailed  and  statistical  significance  was  assumed  at  p<  0.05.  The  asterisks  (*,  **,  and  ***) 
represent p<  0.05,  p<  0.01,  and p<  0.001,  respectively. 
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Results 


Attenuation  of  OVX- induced  effects  in  salubrinal-iniected  mice 
OVX  mice  demonstrated  an  increase  in  body  weight  over  the  sham  control  mice,  while 
subcutaneous  administration  of  salubrinal  in  weeks  5  to  8  significantly  suppressed  the  OVX- 
induced  increase  in  body  weight  {p  <  0.001)  (Fig.  1  A).  Similarly,  the  uterus  weight  of  OVX 
mice  was  significantly  decreased  compared  to  sham  control  mice,  while  salubrinal  administration 
of  OVX  mice  increased  the  uterus  weight  over  untreated  OVX  mice,  though  this  weight  was  still 
significantly  lower  than  that  of  sham  control  mice  (Fig.  1 B).  The  percentage  of  both  total  fat  and 
abdominal  fat  was  increased  in  OVX  mice  when  compared  to  the  sham  control  group  and 
decreased  by  the  administration  of  salubrinal  (Fig.  IC&D).  OVX  mice  receiving  salubrinal 
exhibited  a  statistically  significant  increase  in  BMD  and  BMC  in  the  lumbar  spine,  femur,  and 
tibia  compared  with  OVX-only  mice  (Fig.  IE&F).  The  BMD  of  the  lumbar,  femur,  and  tibia  in 
sham-operated  mice  were  0.0502  ±  0.0009  g/cm2,  0.0521  ±  0.0016  g/cm2,  and  0.0492± 
0.0009g/cm2,  respectively,  while  the  BMC  of  the  lumbar,  femur,  and  tibia  in  sham-operated  mice 
were  0.0693  ±  0.002  g,  0.024  ±  0.0008  g,  and  0.0215  ±  0.0029  g. 

Salubrinal-driven  developmentof  fibroblasts  and  osteoblasts 

Ovariectomy  did  not  induce  a  significant  change  in  CFU-F  or  CFU-OBL  colonies,  representing 
the  progenitors  of  fibroblasts  and  osteoblasts,  respectively,  as  measured  in  cultures  of  bone 
marrow-derived  cells  (Fig.  2 A&B).  However,  cells  derived  from  OVX  mice  injected  with 
salubrinal  produced  more  CFU-F  and  CFU-OBL  colonies  when  compared  to  cultures  established 
from  both  sham-operated  mice  and  ovariectomized  mice  (Fig.  2A&B). 
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Salubrinal’s  effects  on  BV/TV.  BMP,  and  BMC  of  the  femurs 

To  evaluate  salubrinal’s  effect  on  bone  architecture,  the  BV/TV  ratio  in  the  distal  femur  was 
evaluated  among  these  three  groups  (Fig.2Q.  Compared  to  sham-control  mice,  ovariectomized 
mice  presented  a  reduction  in  BV/TV  (p<  0.001;  32.05  ±  1.5%  in  sham-control  mice,  and  19.31 
±  0.82%  in  OVX  mice).  However,  salubrinal  administration  significantly  restored  BV/TV  (p< 
0.001;  25.5  ±  1.03%  in  salubrinal-treated  OVX  mice).  In  response  to  its  daily  administration, 
salubrinal’s  effects  on  femoral  BMD  and  BMC  differed  between  sham-control  and  OVX  mice 
(Fig.  2D).  OVX  mice  increased  BMD  and  BMC  of  the  femur  by  1 1.8  ±2.7%  and  1 1.8  ±0.8%, 
respectively.  On  the  other  hand,  the  elevation  of  BMD  and  BMC  of  sham  OVX  mice  was 
significantly  smaller,  and  they  were  3.5  ±1.9%  (BMD)  and  3.7  ±0.8%  (BMC). 

Salubrinal-driven  suppression  in  CFU-M,  formation  of  mature  osteoclasts,  and  migration  and 
adhesion  of  osteoclasts 

The  number  of  CFU-M  colonies,  representing  the  number  of  osteoclast  progenitors,  developed 
from  bone  marrow  cells  isolated  from  ovariectomized  mice  was  significantly  higher  than  that  of 
sham-operated  animals.  Cells  derived  from  mice  treated  with  salubrinal  treatment  had 
significantly  lower  numbers  of  CFU-M  colonies  (Fig.  3 A).  Cells  isolated  from  the  OVX  mice 
exhibited  an  increase  in  the  surface  area  (an  index  of  formation  of  mature  multinucleated 
osteoclasts)  occupied  by  mature  osteoclasts,  whereas  the  cells  isolated  from  the  salubrinal- 
injected  OVX  mice  presented  a  significant  reduction  in  osteoclast  surface  area  (Fig.35). 

Osteoclasts  isolated  from  the  OVX  mice  were  more  active  in  migration  than  those  from 
the  sham  control,  and  osteoclasts  isolated  from  the  salubrinal-injected  OVX  mice  showed 
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reduced  migration  compared  to  OVX  mice  (Fig.  3 C).  In  M-CSF-mediated  adhesion  to  avP3, 


cells  isolated  from  OVX  mice  presented  stronger  adhesion  than  those  from  the  sham  control, 
while  cells  from  salubrinal-injected  OVX  mice  exhibited  a  reduction  in  osteoclast  adhesion  (Fig. 
3D). 

Effects  of  in  vitro  administration  of  salubrinal 

We  also  conducted  in  vitro  administration  of  salubrinal  using  cells  isolated  from  the  sham  and 
OVX  mice.  First,  in  vitro  administration  of  2  pM  salubrinal  reduced  the  numbers  of  CFU-M 
colonies  (Fig.  44).  Furthermore,  incubation  of  sham-derived  cells  with  salubrinal  (in  DMSO)  at 
1,  2,  and  5  pM  reduced  the  total  number  of  CFU-M  in  a  dosage-dependent  manner  (all  p  <  0.001 
in  three  dosages)  as  well  as  the  colony  size  (Fig.  45).  Second,  in  both  the  sham  control  and 
OVX  mice,  in  vitro  administration  of  salubrinal  provided  a  slower  migration  rate  (Fig.  4 Q. 

Third,  in  vitro  administration  of  salubrinal  also  presented  a  significant  reduction  in  cell  adhesion 
(p<  0.05  in  sham  control,  and  p<  0.001  in  OVX)  (Fig.  4 D). 

Salubrinal’s  dose-dependent  effect  on  formation  of  mature  osteoclasts 

To  further  evaluate  the  effects  of  salubrinal  on  the  formation  of  mature  osteoclasts,  three  dosages 
of  salubrinal  (1,2,  and  5  pM)  were  applied  to  the  bone  marrow-derived  cells  isolated  from  sham 
and  OVX  mice.  Compared  to  the  vehicle  control,  in  vitro  administration  of  salubrinal  across  a  6- 
day  culture  period  (days  0-6)  resulted  in  a  significant  decrease  in  the  surface  area  covered  by 
multinucleated  osteoclasts  (all  p  <  0.001)  (Fig.  5 A).  To  test  the  effects  of  salubrinal  on  the  late 
development  of  osteoclasts,  salubrinal  was  administered  on  days  4  to  6  only.  This  timeline  was 
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also  able  to  provide  a  significant  decrease  in  the  surface  area  of  osteoclasts  in  a  dosage- 
dependent  manner  ( p<  0.05  for  1  pM,  and p<  0.001  for  2and  5  pM)  (Fig.  5 B). 

Elevation  of  phosphorylated  eIF2a  and  ATF4  protein  levels  and  osteocalcin  mRNA  level  in 
MC3T3-E1  osteoblast-like  cells  by  salubrinal 

Using  MC3T3-E1  osteoblast-like  cells,  the  phosphorylation  level  of  eIF2a,  the  expression  level 
of  ATF4,  and  the  mRNA  level  of  osteocalcin  in  response  to  administration  of  5  pM  salubrinal 
was  evaluated.  The  results  demonstrated  that  salubrinal  increased  the  level  of  phosphorylated 
eIF2a  (p-eIF2a)  and  ATF4  24  h  (Fig.  6A),  as  well  as  the  level  of  osteocalcin  mRNA  (32  h)  by  ~ 
3.2  fold  (Fig.  65). 

Reduction  of  NFATcl  in  RAW264.7  monocvte/macrophage  cells  by  salubrinal 
To  gain  insight  into  the  molecular  mechanisms  underlying  the  action  of  salubrinal  on  osteoclast 
generation,  migration,  and  adhesion,  the  effect  of  salubrinal  on  cultures  of  RAW264.7 
monocyte/macrophage  cells  was  evaluated.  Addition  of  RANKL  to  RAW264.7  cells  in  culture 
significantly  increased  the  mRNA  levels  of  the  transcription  factor  essential  for  osteoclast 
differentiation  NFATcl  and  the  osteoclast  marker  cathepsin  K  in  2  days  (Fig.  6C).  Furthermore, 
RANKL  treatment  elevated  the  mRNA  levels  of  DcStamp  and  Atp6v0d2  that  regulate  cell  fusion 
of  osteoclasts.  Administration  of  salubrinal  at  5,  10,  and  20  pM  reduced  RANKL-induced 
elevation  of  these  mRNA  levels  in  a  dose-dependent  manner.  Furthermore,  Western  blot 
analysis  demonstrated  that  salubrinal  decreased  the  protein  level  of  NFATcl  in  a  dose-dependent 
fashion  (Fig.  6D).  A  fluorescence-based  osteoclast  activity  assay  showed  that  RANKL-driven 
increase  in  osteoclast  activity  was  decreased  by  administration  of  salubrinal  (Fig.  6E). 
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Inactivation  of  Racl  GTPase  by  10  or  20  pM  salubrinal 


Using  FRET-based  single  cell  imaging,  the  effect  of  salubrinal  on  the  activity  level  of  Racl 
GTPase  was  examined.  In  response  to  10  and  20  pM  salubrinal,  the  emission  ratio  of  YFP/CFP 
was  decreased,  indicating  that  administration  of  salubrinal  reduced  the  activity  level  of  Racl  (Fig. 
1A&B).  When  RAW264.7  cells  were  treated  with  siRNA  specific  to  eIF2a,  salubrinal-driven 
down-regulation  of  Racl  activity  was  significantly  diminished  (p<  0.05)  compared  to  the  cells 
treated  with  non-specific  control  siRNA  (Fig.  7  C&D). 


Suppression  of  TRAP  mRNA  and  cathepsin  K  mRNA  by  Racl  siRNA 

Using  siRNA  specific  to  Racl,  the  role  of  Racl  in  expression  of  NFATcl,  TRAP,  and  cathepsin 
K  was  examined  using  RAW264.7  cells.  The  result  showed  that  the  protein  levels  of  TRAP  and 
cathepsin  K  were  downregulated  by  RNA  inhibition  of  Racl  (Fig.  84).  Consistent  with  its 
effects  on  protein  levels,  a  partial  silencing  of  Racl  suppressed  RANKL-driven  upregulation  of 
TRAP  mRNA  and  cathepsin  K  mRNA  but  did  not  alter  the  mRNA  level  of  NFATcl  (Fig.  SB). 
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Discussion 


This  study  demonstrates  that  salubrinal  is  able  to  prevent  bone  loss  in  OVX  mice  and  induce 
suppression  of  osteoclast  development  as  well  as  promotion  of  osteoblast  differentiation.  In  4 
weeks  following  ovariectomy,  the  OVX  mice  lost  14%  of  BMC  in  the  whole  body  and 
approximately  10%  of  BMD  in  the  spine  and  femur.  Daily  subcutaneous  administration  of 
salubrinal  for  4  weeks  significantly  suppressed  OVX-induced  bone  loss  in  the  spine,  femur,  and 
tibia.  Consistent  with  its  effects  on  BMD  and  BMC,  salubrinal  reduced  OVX  effects,  including 
increased  body  weight  and  decreased  uterus  weight/41, 42*  An  increase  in  both  BMD  and  BMC 
by  salubrinal  contributes  to  the  elevation  of  not  only  Young’s  modulus  but  also  an  effective 
cross-sectional  moment  of  inertia,  both  of  which  positively  affect  the  prevention  of  fracture. 

The  results  of  the  CFU-F  and  CFU-OBL  assays  are  consistent  with  salubrinal-driven 
augmentation  of  bone  formation  in  the  OVX  mice.  The  increase  in  CFU-F  by  salubrinal 
suggests  a  stimulated  proliferation  of  MSCs  in  bone  marrow-derived  cells,  while  the  elevated 
number  of  ALP-positive  cells  in  CFU-OBL  indicates  an  enhancement  of  osteoblast  development. 
Salubrinal  preserves  eIF2a  phosphorylation  as  a  selective  inhibitor  of  a  phosphatase  complex  of 
eIF2a,  protein  phosphatase  1  (PP1),*14’43’44*  and  it  is  reported  to  accelerate  the  healing  of  bone 
wounds'16*,  enhance  bone  formation*45’46*,  and  increase  the  mineralization  of  MC3T3  cells*38*. 

The  elevated  level  of  p-eIF2a  contributes  to  suppression  of  cellular  stress,  such  as  stress  to  the 
endoplasmic  reticulum,  radiation,  and  unloading,  by  decreasing  translational  efficiency  in 
general,  except  for  a  set  of  proteins  that  includes  ATF4.  Since  ATF4  is  a  transcription  factor  that 
is  critical  for  osteoblastogenesis  and  bone  formation,  the  increased  p-eIF2a  followed  by  the 
elevated  level  of  ATF4  is  consistent  with  the  role  of  salubrinal  as  an  inhibitor  of  PP1. 
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Regarding  the  development  of  osteoclasts  in  the  OVX  mice,  subcutaneous  injection  of 
salubrinal  as  well  as  in  vitro  incubation  of  bone  marrow-derived  cells  with  salubrinal  suppressed 
the  proliferation  of  pre-osteoclasts  as  well  as  their  differentiation  to  mature  multinucleated 
osteoclasts.1471  Western  blot  analysis  revealed  that  salubrinal  reduced  the  expression  of  NFATcl 
in  RANKL-stimulated  RAW264.7  pre-osteoclast  cells,  though  this  effect  occurred  at  different 
concentrations  than  the  anti-differentiation  effects  seen  in  bone  marrow-derived  cells.  The 
difference  in  cell  origin  may  cause  the  difference  in  dosage  response.  Because  of  the  role  of 
phosphorylated  eIF2a  in  retarding  translational  efficiency,  suppression  of  NFATcl  by  salubrinal 
is  likely  to  be  regulated  at  least  in  part  at  the  level  of  translation.(46)  We  observed,  however,  that 
both  the  mRNA  and  protein  levels  of  NFATcl  were  reduced  by  salubrinal.  These  results, 
together  with  previous  studies, (38)  suggest  a  mechanism  for  osteoclast  regulation  by  salubrinal 
through  p-eIF2a  and  NFATcl.  Further  studies  will  be  necessary  to  establish  other  genes  that 
mediate  the  response  of  NFATcl  to  salubrinal  treatment. 

Live  cell  imaging  using  RAW264.7  cells  revealed  that  salubrinal  downregulates  activity 
of  Racl  GTPase,  which  is  involved  in  various  functions  including  cell  migration.  Based  on  the 
result  with  eIF2a  siRNA,  this  downregulation  was  in  part  mediated  by  eIF2a  signaling.  The 
observed  result  is  consistent  with  salubrinal’s  action  on  inhibiting  migration  of  pre-osteoclast 
cells.  Furthermore,  RNA  silencing  with  siRNA  specific  to  Racl  showed  that  Racl  also  mediates 
salubrinal-driven  downregulation  of  TRAP  and  Cathepsin  K  although  expression  of  NFATcl  is 
not  directly  regulated  by  Racl  (Fig.  SB). 
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The  mechanism  of  salubrinal’s  effects  on  body  weight  and  uterus  weight  is  yet  to  be 
determined,  but  there  may  be  a  selective  estrogen-receptor  modulator  (SERM)-like  effect.  Of 
note,  the  effect  on  uterine  weight  was  much  less  than  the  effect  on  bone.  Subcutaneous  injection 
of  salubrinal  reduced  both  total  and  abdominal  fat  in  the  OVX  mice,  which  might  be  associated 
with  the  observed  changes  in  body  weight.  To  clarify  this  mechanism,  future  studies  may 
measure  the  serum  levels  of  involved  proteins,  such  as  leptin,  or  isolate  tissues  and  organs 
affected  by  OVX  and  measure  their  gene  and  protein  expression. 

This  study  demonstrates  the  potential  of  salubrinal  as  a  therapy  for  reversing  bone  loss 
from  osteoporosis.  The  study  establishes  salubrinal’s  effect  at  multiple  levels,  from  improving 
body  weight  and  BMD  to  promoting  osteoblast  formation  and  suppressing  osteoclast  formation. 
Additionally,  its  counteraction  on  increased  body  fat  and  decreased  uterine  weight,  two 
conditions  suffered  by  post-menopausal  women,  points  to  non-skeletal  therapeutic  uses  for 
salubrinal.  However,  this  study  did  not  explore  the  mechanism  of  fat  and  uterine  recovery  by 
salubrinal.  The  mechanism  of  salubrinal’ s  action  was  explored  on  bone  cells  using  FRET  and 
RNA  inhibition  to  identify  Racl  GTPase  as  a  mediator  of  its  osteoclast  suppression  separate 
from  NFATcl  (Fig.  8Cj.  Mediators  of  p-eIF2a’s  regulation  of  Racl  GTPase  and  NFATcl, 
however,  have  not  been  identified.  Two  notable  features  in  anabolic  responses  with  salubrinal 
are  its  effects  on  potential  risk  of  cancer  induction  and  bone  formation  in  non-osteoporotic  mice. 
Unlike  PTH,  salubrinal  reduces  proliferation  and  migration  of  breast  cancer  cells  in  a  murine 
model  of  mammary  tumor  by  eIF2a-mediated  suppression  of  Racl  GTPase. (48)  Furthermore, 
although  salubrinal  treatment  on  bone  marrow-derived  cells  from  sham-operated  mice  decreased 
osteoclastogenesis,  the  effects  of  salubrinal  to  non-osteoporotic  mice  were  significantly  smaller 
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than  those  to  OVX  mice.  In  sham-control  mice,  no  detectable  changes  are  observed  on  body 
weight  and  fat  content.  Thus,  potential  side  effects  or  unneeded  bone  growth  of  salubrinal  might 
be  smaller  than  PTH. 

Currently,  few  drugs  and  chemical  agents  are  available  for  both  stimulation  of  osteoblasts 
and  inhibition  of  osteoclasts.  This  study  presented  the  possibility  of  a  drug  therapy  to  not  only 
prevent  bone  loss  but  also  regulate  whole  body  and  uterus  weights.  The  results  herein  utilizing 
both  an  OVX  mouse  model  and  an  in  vitro  analysis  of  primary  bone  marrow-derived  cells,  as 
well  as  cell  line-based  cultures,  demonstrate  that  administration  of  salubrinal  is  effective  in 
attenuating  OVX-associated  symptoms,  as  well  as  stimulating  development  of  osteoblasts  and 
inhibiting  development  of  osteoclasts.  Further  analysis  targeted  to  the  molecular  mechanism  of 
salubrinal’s  action  warrants  the  potential  development  of  a  novel  therapeutic  strategy  for 
combating  postmenopausal  osteoporosis  through  eIF2a  signaling. 
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Figure  legends 

Fig.  1.  Effects  of  ovariectomy  and  salubrinal  on  body  weight,  uterus  weight,  total  fat, 
abdominal  fat,  BMD,  and  BMC. 

(A)  Salubrinal-driven  suppression  of  OVX- induced  gain  of  body  weight.  (B)  Salubrinal-driven 
partial  recovery  of  OVX-induced  loss  of  uterine  weight.  (C)  Salubrinal-induced  reduction  in 
total  fat  (%).  Total  fat,  when  compared  to  sham  control  (20.3  ±  2.0%),  was  increased  by  OVX 
(to  27.6  ±  1.3%)  and  decreased  by  salubrinal  (to  24.0  ±  1.0%).  (D)  Salubrinal-induced  reduction 
in  abdominal  fat  (%).  OVX  increased  abdominal  fat  over  sham  (23.0  ±  3.1%  to  36.2  ±  1.8%), 
while  salubrinal  treatment  decreased  it  (to  27.4  ±  1.1%).  (E  and  F)  Suppression  of  OVX-induced 
reduction  of  BMD  and  BMC,  respectively,  in  the  lumbar  spine,  femur  and  tibia.  Salubrinal 
increased  BMD  compared  to  OVX  in  the  lumbar  spine  (0.0396  ±  0.0004  g/cm2  to  0.0453  ± 

0.0004  g/cm2),  femur  (0.0431  ±  0.0007  g/cm2  to  0.0482  ±  0.0007  g/cm2),  and  tibia  (0.0421  ± 
0.0005  g/cm2  to  0.0467  ±  0.0005  g/cm2).  BMC  was  similar  (lumbar  spine:  0.0451  ±  0.001 1  g  to 
0.0519  ±  0.0015  g;  femur:  0.0195  ±  0.0004  g  to  0.0217  ±  0.0004  g;  tibia:  0.0142  ±  0.0002  g  to 
0.0184  ±  0.0003  g).Asterisks  (*,  **,  and  ***)  represent  statistical  significance  at p<  0.05,  p<  0.01, 
and  p<  0.001,  respectively  (n=12). 

Fig.  2.  Effects  of  subcutaneous  administration  of  salubrinal  on  CFU-F,  CFU-OBL,  and 
femoral  bone.  (A&  B)  Comparison  of  CFU-F  and  CFU-OBF,  respectively.  Bone  marrow- 
derived  cells  were  isolated  from  3  groups  of  mice  (sham,  OVX,  and  salubrinal-injected  OVX 
mice).  The  representative  photographs  are  shown  (n=12).  (C)  BV/TV  ratio  in  the  distal  femur 
(n=6).  (D)  Comparison  of  salubrinal-driven  increases  in  femoral  BMD  and  BMC  between  sham 


29 


control  (n=6)  and  OVX  mice  (n=12).  The  representative  photographs  are  shown.  Asterisks  (**, 
and  ***)  represent  statistical  significance  at p<  0.01  and p<  0.001,  respectively. 

Fig.  3.  Effects  of  subcutaneous  administration  of  salubrinal  on  CFU-M  and  osteoclast 
activity  by  bone  marrow-derived  cells. 

The  CFU-M  numbers,  area  coverage  by  mature  osteoclasts,  and  the  migration  and  adhesion  of 
osteoclasts  wereevaluated.  Bone  marrow-derived  cells  were  isolated  from  3  groups  of  mice 
(sham,  OVX,  and  salubrinal-injected  OVX  mice).  (A)  CFU-M  numbers  (sham:  9892  ±  383, 
OVX:  13526  ±  330,  OVX+sal:  8,041  ±  282  colonies/femur).  Salubrinal  attenuated  an  OVX- 
induced  increase  in  CFU-M.  (B)  Coverage  area  of  mature  osteoclasts  (sham:  46.1  ±  1.0%,  OVX: 
64.6  ±  1.6%,  OVX+sal:  24.9  ±  1.8%).  Salubrinal  suppressed  an  OVX-induced  increase  in 
osteoclast  area.  (C)  Migration  assay  of  osteoclasts  (sham:  38.7  ±  2.0  cells/LPF,  per  low-power 
field,  OVX:  86.0  ±  5.6  cells/LPF,  OVX+sal:  56.6  ±4.1  cells/LPF).  Salubrinal  administration 
decreased  an  OVX-induced  increase  in  osteoclast  migration.  (D)  Adhesion  assay  of  osteoclasts 
(sham:  62.0  ±  2.5  cells/LPF,  OVX:  72.1  ±  4.5  cells/LPF,  OVX+sal:  55.3  ±  1.8  cells/LPF). 
Salubrinal  reduced  an  OVX-induced  increase  in  osteoclast  adhesion.  Asterisks  (*,  **,  and  ***) 
represent  statistical  significance  at p<  0.05,  p<  0.01,  and p<  0.001,  respectively  (n=12). 

Fig.  4.  Effects  of  in  vitro  salubrinal  administration  on  CFU-M,  and  the  migration  and 
adhesion  of  osteoclasts. 

Bone  marrow-derived  cells  were  isolated  from  the  sham  and  OVX  mice,  then  cultured  in  the 
presence  and  absence  of  salubrinal.  (A)  Salubrinal-induced  reduction  in  CFU-M  numbers  in 
both  sham  cells  (from  9892  ±  383  to  6002  ±  531)  and  OVX  cells  (from  13526  ±  330  to  6334  ± 
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346).  (B)  Dose-dependent  reduction  in  sham-derived  CFU-M  numbers  in  response  to  0,  1,  2, 
and  5  pM  salubrinal  (9892  ±  383,  6962  ±  450,  6002  ±531,  and  5423  ±451,  respectively).  The 
images  exhibit  representative  sizes  of  CFU-M  colonies  (circled)  at  each  dosage.  (Bar  =  500  pm, 
for  scale).  (C)  Salubrinal-induced  reduction  in  the  migration  of  osteoclasts  in  both  sham-derived 
cells  (from  38.7  ±  2.0  to  26.5  ±1.1)  and  OVX-derived  cells  (from  86.0  ±  5.6  to  31.9  ±  2.0).  (D) 
Salubrinal-induced  suppression  of  the  adhesion  of  osteoclasts  in  both  sham-derived  cells  (62.0  ± 
2.5  to  51.9  ±  3.8)  and  OVX-derived  cells  (72.1  ±  4.5  to  34.9  ±  3.5).  Asterisks  (*  and  ***) 
represent  statistical  significance  at  p<  0.05  and  p<  0.001,  respectively  (n=12). 

Fig.  5.  Effects  ofm  vitro  salubrinal  administration  on  the  formation  of  mature  osteoclasts. 

Salubrinal  was  administeredat  3  dosages  (1,2,  and  5  pM)  for  days  0-6  or  days  4-6  to  bone 
marrow-derived  cells  harvested  from  sham  and  OVX  mice.  Four  pairs  of  images  on  the  bottom 
showrepresentative  osteoclasts  stained  with  TRAP.  (Bar  =  200  pm,  for  scale).  Experiments 
were  conducted  in  triplicates  per  condition.  Five  fields  were  counted  per  well.  Three 
independent  experiments  were  performed  with  similar  results.  (A)  Effects  of  in  vitro  salubrinal 
administration  during  days  0-6.  (B)  Effects  of  in  vitro  salubrinal  administration  during  days  4-6. 
Asterisks  (*  and  ***)  represent  statistical  significance  at p<  0.05  and  p<  0.001,  respectively 
(n=6). 

Fig.  6.  Effects  of  salubrinal  on  expression  of  NFATcl,  cathepsin  K,  DcStamp,  Atp6v0d2,  p- 
eIF2a,  ATF4,  and  osteocalcin,  as  well  as  osteoclast  activity. 

(A)  Elevation  of  p-eIF2a  and  ATF4  by  5pM  salubrinal  in  MC3T3-E1  cells.  (B)  Increase  in 
osteocalcin  (OCN)  mRNA  by  5pM  salubrinal  at  32  h  in  MC3T3-E1  cells.  (C)  Reduction  of  the 
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mRNA  levels  of  NFATcl,  cathepsin  K,  DcStamp,  and  Atp6v0d2  in  RAW264.7  cells  by  5-20 
pM  salubrinal.  (D)  Dose-dependent  decrease  in  NFATcl  in  RAW264.7  cells  by  5-20  pM 
salubrinal.  (E)  Reduction  in  fluorescence-based  osteoclast  activity  by  salubrinal  administration. 
Asterisks  (*,  **,  and  ***)  represent  statistical  significance  at p<  0.05,  p<  0.01,  and p<  0.001, 
respecti  vely(n=3 ) . 

Fig.7.  FRET-based  detection  of  downregulation  of  Racl  GTPase  in  RAW264.7  cells  by 
salubrinal. 

YFP/CFP  emission  ratios  were  averaged  over  the  whole  cell  and  normalized  to  time  -10  min  (10 
min  before  Sal  treatment).  (Scale  bars  are  10pm).  (A,  B)  Racl  activity  in  response  to  10  pM  ( n 
=  10)  and  20  pM  salubrinal  ( n  =  9),  respectively.  (C)  Level  of  eIF2a  protein  by  partial  silencing, 
and  resultant  Racl  activity  in  response  to  20  pM  salubrinal  (n— 9).  (D)  Racl  activity  in  response 
to  20  pM  salubrinal  in  the  cells  transfected  with  NC  (non-specific  control)  siRNA  (n=6).  An 
asterisk  (*)  represents  statistical  significance  at  p<  0.05. 

Fig.  8.  Effects  of  Racl  siRNA  on  expression  of  NFATcl,  TRAP  and  cathepsin  K  in 
RAW264.7  cells. 

(A)  Partial  silencing  of  Racl  protein  level  by  Racl  siRNA,  and  protein  expression  of  NFATcl, 
TRAP,  and  cathepsin  K.  NC  =  treatment  with  non-specific  control  siRNA.  (B)  Relative  mRNA 
levels  of  NFATcl,  TRAP,  and  cathepsin  K  in  response  to  Racl  siRNA.  TRAP  and  cathepsin  K 
expressions  are  reduced  by  Racl  siRNA,  but  NFATcl  expression  remains  unchanged.  (C) 
Proposed  mechanism  of  salubrinal ’s  action  in  bone  remodeling. 
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Abstract 


Salubrinal  is  a  small  synthetic  agent  that  presents  beneficial  effects  on  skeletal  diseases  and 
tumor  progression.  It  is  reported  to  stimulate  bone  formation  and  suppress  bone  resorption.  In 
this  study,  we  examined  whether  salubrinal  administration  can  stimulate  the  healing  of  bone 
fracture  using  a  mouse  model  of  closed  tibia  fracture.  In  particular,  we  administered  salubrinal 
in  two  different  routes:  one-time  hydrogel  injection  with  salubrinal-loaded  poly(lactic-co- 
glycolic  acid  (PLGA)  microparticles;  and  daily  subcutaneous  injection  for  4  weeks.  A 
subcutaneous  injection  of  bone  morphogenetic  protein  2  (BMP2)  was  used  as  a  positive  control. 
The  results  showed  that  4  weeks  after  the  induction  of  tibia  fracture  no  groups  including  the 
BMP2  control  group  elevated  bone  mineral  density  (BMD)  or  bone  mineral  content  (BMC). 
Hydrogel-based  injection  of  salubrinal  showed  a  higher  stiffness  than  that  of  the  placebo,  as  well 
as  significant  elevation  of  ultimate  force.  Although  daily  subcutaneous  injection  of  BMP2 
increased  stiffness  and  ultimate,  daily  injection  of  salubrinal  did  not  show  any  significant 
improvement  of  mechanical  properties.  Of  note,  the  total  salubrinal  dose  in  the  hydrogel  group 
was  approximately  18%  of  that  in  the  subcutaneous  group.  Collectively,  the  study  herein 
demonstrates  that  salubrinal  is  capable  of  stimulating  the  healing  of  tibia  fracture  in  a  single 
application  when  locally  administered  via  PLGA  microparticles. 
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Introduction 


In  order  to  stimulate  the  healing  of  bone  fracture,  various  pharmacological  therapies  have  been 
investigated.  The  administration  of  bone  morphogenetic  proteins  (BMPs),  transforming  growth 
factor  P  (TGFP)  superfamily  of  proteins,  has  been  shown  in  randomized  controlled  trials  to  be 
efficient  in  tibial  fracture  healing  (1,2),  and  vascular  endothelial  growth  factor  (VEGF)  is  also 
reported  to  enhance  bone  healing  (3).  Systemic  therapy  with  agents  such  as  parathyroid 
hormone  (PTH),  growth  hormone  (GH),  and  the  HMG-CoA  reductase  inhibitors  are  under 
investigation.  Through  Wnt  signaling,  systemic  administration  of  sclerostin  monoclonal 
antibody  was  shown  to  increase  bone  formation,  bone  mass,  and  bone  strength  (4).  Molecules 
such  as  prostaglandin  E  receptor  agonists  and  the  thrombin-related  peptide,  TP508,  have 
presented  promise  in  animal  models  of  fracture  repair  (5,  6),  and  a  possibility  of  gene  therapy 
such  as  BMP2-transfected  bone  marrow  was  demonstrated  (7).  However,  difficult  healing 
problems  such  as  delayed  union,  nonunion,  growth  abnormalities,  and  infection  require  much 
more  effort  to  confirm  the  safety  and  therapeutic  efficacy  to  further  improve  existing  therapies  in 
clinic. 

Salubrinal  is  a  synthetic  compound  (C21H17CI3N4OS;  480  Da)  which  is  known  to  reduce  various 
cellular  stresses  including  stress  to  the  endoplasmic  reticulum  (8,  9).  It  inhibits  serine/threonine 
protein  phosphatase  1  alpha  (PPla),  followed  by  the  elevation  of  phosphorylated  eukaryotic 
translation  initiation  factor  2  alpha  (eIF2a)  (10).  Salubrinal  is  reported  to  enhance  bone 
formation  by  stimulating  activating  transcription  factor  4  (ATF4),  one  of  the  transcription  factors 
for  bone  formation,  via  eIF2a  mediated  signaling  and  stimulating  development  of  bone-forming 
osteoblasts  (1 1).  It  also  suppresses  nuclear  factor  of  activated  T-cells,  cytoplasmic  1  (NFATcl), 
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a  master  transcription  factor  for  osteoclastogenesis,  and  inhibits  development  of  bone-resorbing 
osteoclasts  (12,  13).  Furthermore,  salubrinal  reduces  inflammation  and  degradation  of  cartilage 
tissues  (14,  15),  and  it  is  capable  of  attenuating  proliferation  and  migration  of  breast  cancer  cells 
(16).  While  salubrinal  can  add  calcified  mass  to  osteoporotic  bone,  its  effect  on  the  healing  of 
bone  fracture  has  not  been  tested  using  a  closed  fracture  model.  A  closed  tibial  shaft  fracture  is 
the  most  common  long-bone  fracture,  often  caused  by  sport-related  injuries  as  well  as  simple 
falls  (17).  The  current  study  investigated  efficacy  of  salubrinal  in  the  healing  of  tibia  fracture 
using  a  mouse  closed  fracture  model. 

Bone  fracture  healing  is  an  orchestrated  process  by  many  types  of  cells,  including  mesenchymal 
stem  cells,  hematopoietic  stem  cells,  inflammatory  cells  (macrophages,  monocytes,  lymphocytes, 
etc.),  fibroblasts,  osteoblasts,  and  osteoclasts  (18).  It  consists  of  three  major  phases  (19),  the 
reactive,  reparative,  and  remodeling  phases,  and  there  is  evidence  salubrinal  may  play  a  role  in 
these  phases.  In  the  early  reactive  phase  immediately  after  fracture,  a  hematoma  develops  at  the 
fracture  site,  and  inflammatory  responses  are  induced  by  cells  such  as  macrophages,  monocytes, 
and  lymphocytes  (19).  It  is  yet  to  be  examined  whether  the  observed  anti-inflammatory  effects 
of  salubrinal  provides  positive  influence  in  this  reactive  phase.  In  the  second  reparative  phase,  a 
collagen  matrix  is  actively  synthesized  and  mineralized  mainly  by  osteoblasts,  whose 
proliferation  and  differentiation  is  affected  by  salubrinal  (11).  The  third  phase  is  bone 
remodeling,  in  which  the  transient  form  of  calcified  tissue  is  remodeled  to  form  a  stiffer  matrix, 
and  the  original  shape  and  structure  is  restored  (20).  It  is  not  clear  whether  salubrinal’ s 
inhibitory  effect  on  bone-resorbing  osteoclasts  accelerate  both  the  reparative  and  remodeling 
phases. 
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A  specific  question,  addressed  herein,  was:  does  salubrinal’s  delivery  method  change  its 
efficacy?  Two  different  routes  were  employed  in  this  study:  one-time  injection  of  in  situ  gelled 
poly(ethylene  glycol)  (PEG)  hydrogel  that  contained  salubrinal-loaded  poly(lactic-co-glycolic 
acid)  (PLGA)  microparticles;  and  daily  subcutaneous  injection  of  salubrinal  for  4  weeks. 
Hydrogels  are  highly  hydrated  networks  of  crosslinked  polymer  chains,  which  are  formed  from 
either  natural  (e.g.  collagen  and  hyaluronic  acid)  or  synthetic  (e.g.  PEG)  polymeric  materials 
(21).  PEG-based  hydrogels  provide  high  degrees  of  durability  in  matrix  crosslinking, 
degradation,  and  modification  (22),  and  might  have  the  benefits  to  emulate  native  matrix 
mechanics  as  well  as  to  deliver  bone  anabolic  agents  locally  for  fracture  healing.  PLGA 
microparticles  loaded  with  salubrinal  were  expected  to  serve  as  a  carrier  for  salubrinal’ s 
sustained  delivery.  In  this  study,  salubrinal-loaded  PLGA  microparticles  were  mixed  with  PEG 
macromers  capable  of  in  situ  gelling,  and  the  composite  were  injected  and  cured  in  situ. 
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Materials  and  Methods 


Animal  Preparation 

Seventy-two  C57BL/6  female  mice  (14  weeks,  body  weight  ~20  g;  Harlan  Sprague- 
Dawley  Inc.,  Indianapolis,  IN,  USA)  were  used  in  the  study.  All  procedures  performed  in  this 
study  were  approved  by  the  Indiana  University  Animal  Care  and  Use  Committee  and  were  in 
compliance  with  the  Guiding  Principles  in  the  Care  and  Use  of  Animals  endorsed  by 
the  American  Physiological  Society.  Five  mice  were  housed  together  in  a  cage.  Animals  were 
fed  with  standard  laboratory  chow  and  water  ad  libitum,  and  they  were  allowed  to  acclimate  for 
1  week  before  experimentation.  Mice  were  allowed  full  unrestricted  cage  activity,  and  they  were 
weighed  weekly.  We  employed  visual  inspection  of  food  and  water  consumption,  any  signs  of 
inflammation  or  infection,  and  walking  patterns.  Mice  were  divided  into  6  groups,  in  which 
group  1  was  treated  as  normal  control  (no  induction  of  tibia  fracture).  Groups  2  and  3  were  used 
for  testing  hydrogel-based  administration  of  placebo  and  salubrinal  (experiment  1),  while  groups 
4-6  for  examining  subcutaneous  injection  of  placebo,  BMP2  and  salubrinal  (experiment  2). 
Experiments  1  and  2  were  conducted  separately  using  different  batches  of  animals. 

Surgical  procedure  for  induction  of  the  closed  tibia  fracture 

Prior  to  the  induction  of  closed  fracture  in  the  right  tibia,  mice  were  anesthetized  using  1.5% 
isoflurane.  To  mice  in  groups  2-5,  a  stainless  steel  wire  (30-gauge  needle)  was  inserted  into  the 
intramedullary  cavity  of  the  right  tibia  through  its  proximal  end  (Fig.  1C  &  D).  The  wire 
extending  beyond  the  tibia  condyles  was  cut,  and  the  patella  was  properly  repositioned.  A  closed 
diaphyseal  fracture  was  then  induced  in  the  right  distal  tibia  using  a  custom  made  3-point 
bending  device  with  a  consistent  force  (Fig.  1  A)  (23).  Radiographic  images  were  taken 
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(Faxitron,  Tucson,  AZ,  USA)  on  day  0,  as  well  as  weeks  1,  2,  3  and  4  after  fracture  induction 
(Fig.  1C&D). 

Fabrication  of  Salubrinal-loaded  PLGA  microparticles 

Salubrinal  loaded  PLGA  (50:50,  MW:  30-60  kDa,  Sigma)  microparticles  were  prepared  using 
oil-in-water  emulsion  method  (24).  First,  100  mg/ml  of  PLGA  was  dissolved  in  dichloromethane 
(DCM).  Next,  2  mg  of  salubrinal  was  added  to  1  ml  of  PLGA/DCM  solution,  followed  by 
vortexing  for  1  minute.  The  primary  emulsion  was  added  to  2  ml  of  1%  poly(vinyl  alcohol) 
(PVA)  solution  and  vortexed  for  3  minutes.  The  secondary  emulsion  was  poured  into  20ml  of 
aqueous  solution  containing  0.5%  PVA  and  450  mM  sodium  chloride.  The  emulsion  was  stirred 
for  4  hours  at  700  rpm  to  allow  the  evaporation  of  DCM,  and  the  hardened  microparticles  were 
collected  by  centrifugation  (2000  rpm,  5  min)  and  washed  three  times  with  ddH20.  The  drug- 
loaded  PLGA  microparticles  were  then  freeze  dried  and  stored  at  -20°C  until  use. 

In  situ  rheometry  of  PEG  hydrogelation  with  and  without  drug-loaded  PLGA  microparticles 
In  situ  cured  PEG  hydrogels  were  prepared  by  reacting  four-arm  PEG-acrylate  (PEG4A,  20  kDa, 
synthesized  using  published  protocol)  (22)  and  four-arm  PEG-thiol  (PEG4SH,  10  kDa, 
purchased  from  JenKem  Technology  USA)  (Fig.  2A)  through  Michael-type  addition  reaction 
(25)  (Fig.  2B).  Briefly,  stock  solutions  of  PEG4A  and  PEG4SH  (both  at  20  wt%)  were  mixed  at 
equal  volume  and  pipetted  onto  the  platform  of  a  digital  rheometer  (CVO  100,  Malvern).  Eight- 
mm  parallel  plate  geometry  was  used,  and  the  gelation  was  monitored  using  single  frequency 
rheometry  (1  Hz)  operated  at  5%  strain.  In  one  group,  PLGA  microparticles  (10  wt%)  were 
mixed  with  the  PEG  solutions  prior  to  in  situ  rheometry  measurement. 
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Administration  of  salubrinal  and  BMP2 

In  experiment  1,  12  mice  in  group  2  (hydrogel  placebo)  were  given  hydrogel  without  any  agent 
on  day  1,  while  12  mice  in  group  3  (hydrogel  salubrinal)  received  a  single  administration  of 
salubrinal  loaded  hydrogel  (lOOpg  of  salubrinal  in  50  pi  of  gel).  In  experiment  2,  12  mice  in 
group  4  (subcutaneous  placebo)  received  daily  subcutaneous  injections  of  the  vehicle  (50  pi)  to 
the  fracture  site.  Twelve  mice  in  group  5  (subcutaneous  BMP2)  were  given  daily  injections  of 
BMP2  (10  pg/kg  in  50  pi  of  vehicle)  as  a  positive  control,  and  12  mice  in  group  6  (subcutaneous 
salubrinal)  received  daily  injections  of  salubrinal  (1  mg/kg  in  50  pi  of  vehicle). 

Measurements  of  bone  mineral  density  (BMD)  and  bone  mineral  content  (BMC) 

Mice  were  sacrificed  4  weeks  after  the  fracture  induction,  and  tibiae  were  harvested.  Isolated 
tibiae  were  cleaned  of  soft  tissues  and  stored  at  -20°C  in  gauze  that  was  moisturized  with  PBS. 
The  BMD  and  BMC  of  the  entire  tibia  and  callus  region  at  the  fracture  site  were  determined 
using  a  PIXImus  densitometer  with  a  threshold  value  of  1800  (software  version  1.4;  GE  Medical 
System  Lunar,  Madison,  WI,  USA)  (26).  The  callus  region  was  defined  as  a  fixed  rectangle 
region  of  interest  (20  pixels  X  20  pixels)  that  covered  the  callus  center. 

Fracture  score 

The  fracture  scores  were  defined  from  0  to  3:  “0”  for  no  fracture,  “1”  for  minor  fracture,  “2”  for 
moderate  fracture,  and  “3”  for  major  fracture.  X-ray  images  of  the  fractured  tibia  at  weeks  0-4 
were  randomly  labeled,  and  eight  independent  scorers  participated  in  the  evaluation.  All  scores 
were  collected  and  averaged  for  each  sample  and  time  point. 
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Micro  CT  imaging 

Micro-computed  tomography  was  performed  using  Skyscan  1172  (Bruker-MicroCT,  Kontich 
Belgium)  (27).  The  harvested  tibiae  were  wrapped  in  parafilm  to  maintain  hydration  and  placed 
in  a  plastic  tube  and  oriented  vertically.  Scans  were  performed  at  pixel  size  8.99  pm.  Using 
manufacturer-provided  software,  the  images  were  reconstructed  (nRecon  v  1.6. 9. 18),  cross 
sections  were  obtained  (Dataviewer,  vl.5.0),  and  3D  models  were  generated  (CT  Analyser, 
vl.l  1.4.2)  and  visualized  (CTvol,  v2.2.3.0). 

Mechanical  testing  of  the  tibia 

Tibiae  were  tested  to  failure  by  four-point  bending  using  a  voltage-regulated  mechanical  loading 
device  (ElectroForce  3100,  Bose,  Inc.),  with  a  loading  span  of  2.3  mm  and  a  support  span  of  7 
mm  (Fig.  IB)  (28).  The  load  was  applied  to  the  medial  tibia  such  that  the  right  span  was  located 
just  inside  of  the  tibia-fibula  junction.  After  preloading  to  0.5  N,  the  bone  was  twice  loaded  with 
a  sinusoidal  regimen  of  0.5  Hz,  1  Hz,  and  2  Hz  at  amplitude  1  N.  The  bone  was  then  loaded 
monotonically  at  0.005  mm/s  until  failure.  Load  and  displacement  were  recorded  and  used  to 
calculate  stiffness  and  ultimate  force. 

Statistical  analysis 

The  data  were  expressed  as  mean  ±  SEM.  Statistical  significance  among  groups  was  examined 
using  one-way  analysis  of  variance  (ANOVA),  and  a  post  hoc  test  was  conducted  using  Fisher’s 
protected  least  significant  difference  (PLSD)  for  the  pairwise  comparisons.  A  paired  /-test  was 
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employed  to  evaluate  statistical  significance  between  the  loaded  and  control  samples.  All 
comparisons  were  two  tailed,  and  statistical  significance  was  assumed  for  p  <  0.05. 
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Results 


In  situ  rheometry  of  gelation  with  and  without  drug-loaded  PLGA  microparticles 
We  first  monitored  the  gelation  process  through  in  situ  rheometry  either  in  the  absence  (Fig.  2C) 
or  presence  (Fig.  2D)  or  PLGA  microparticles.  As  expected,  the  two  PEG  macromers,  PEG4A 
and  PEG4SH,  reacted  to  form  a  crosslinked  network,  demonstrated  by  rapid  crossover  of 
hydrogel  elastic  modulus  (G’)  and  viscous  modulus  (G”)  with  a  gel  point  of  less  than  1  minute 
regardless  of  the  presence  of  PLGA  microparticles.  The  gelation  reached  near  completion  within 
a  few  minutes  of  mixing  the  two  macromer  components.  This  timing  is  ideal  as  it  allowed 
sufficient  time  to  mix  the  essential  components  (i.e.,  PEG4A,  PEG4SH,  and  PLGA 
microparticles)  while  permitting  rapid  gelation  locally  at  the  fracture  site.  It  was  worth  noting 
that  the  addition  of  PLGA  microparticles  increased  the  Young’s  modulus  (E0)  of  the  resulting 
hydrogels  from  ~33  kPa  to  ~96  kPa  (Fig.  2C  &  D). 

No  significant  change  in  BMD/BMC  by  hydrogel-based  salubrinal  administration 
In  experiment  1  with  hydrogel-based  administration  of  salubrinal,  X-ray  images  in  weeks  1,  2,  3, 
and  4,  as  well  as  micro  CT  images  of  the  representative  tibia  samples  after  harvest  in  week  4 
were  captured  (Fig.  3  A  -  D).  Although  X-ray  images  in  week  4  indicated  a  complete  bridge  of 
the  fracture  site  with  calcified  tissue,  the  sagittal  sections  of  micro  CT  images  revealed 
discontinuous  cortical  bone  at  the  fracture  site.  The  BMD  and  BMC  measurement  of  the  entire 
tibia  in  week  4  did  not  show  any  significant  changes  in  the  hydrogel  placebo  (group  2)  and 
salubrinal  (group  3)  samples.  The  same  measurement  in  the  restricted  callus  region  in  week  4 
presented  a  tendency  of  increase  in  the  salubrinal  treated  group,  but  the  difference  was  not 
statistically  significant  ( p  =  0.2  for  BMD,  and p  =  0.09  for  BMC)  (Fig.  3E  &  F). 
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The  fracture  score,  which  indicated  the  degree  of  discontinuity  in  the  cortical  bone  at  the  fracture 
site,  decreased  in  groups  2  and  3  (Fig.  4A).  No  statistical  difference  was  observed  during  the  4- 
week  healing  period  between  the  two  groups  except  for  week  2. 

Elevated  ultimate  force  by  hydrogel-based  salubrinal  administration 
The  force-displacement  relationship  for  3  groups  showed  a  distinctively  different  profile  in 
response  to  a  sinusoidal  load  (0.5  N,  peak-to-peak)  at  0.5,  1,  and  2  Hz  (Fig.  4B  -  G).  The 
ascending  and  descending  loads  exhibited  the  same  pattern,  in  which  the  intact  control  (group  1) 
was  the  stiffest  and  the  hydrogel  placebo  (group  3)  was  the  softest  with  the  hydrogel  salubrinal 
(group  2)  in  between.  The  ultimate  force  was  1 1.64  ±  5.48  N  (hydrogel  placebo,  n  =  12)  and 
16.99  ±  5.41  N  (hydrogel  salubrinal,  n  =  12)  with p  =  0.03,  while  stiffness  was  81.55  ±  23.58 
N/mm  (hydrogel  placebo,  n  =  12)  and  106.73  ±  32.81  N/mm  (hydrogel  salubrinal,  n  =  12)  with  p 
=  0.05. 

Differential  effects  of  hydrogel-based  administration  and  subcutaneous  salubrinal  injection 
In  experiment  2  with  daily  subcutaneous  injection  of  vehicle  (group  4),  BMP2  (group  5),  and 
salubrinal  (group  6),  the  fracture  score  was  determined  for  weeks  0  to  4  using  longitudinal  X-ray 
images  (Fig.  6A  &  B).  Images  collected  by  PIXImus  densitometer  were  used  for  determining 
BMD  and  BMC  (Fig.  6C  &  D).  The  image  analysis  revealed  that  no  statistical  difference  was 
detected  among  three  groups  for  the  fracture  score,  BMD,  and  BMC.  Mechanical  test  using  4- 
point  bending  revealed  that  ultimate  force  and  stiffness  were  significantly  elevated  in  group  5 
(subcutaneous  BMP2),  but  no  statistical  difference  was  detected  between  group  4  (subcutaneous 
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control)  and  group  6  (subcutaneous  salubrinal).  Between  experiments  1  and  2,  no  direct 
comparison  of  the  mechanical  testing  results  is  possible  since  two  experiments  were  conducted 
independently  using  different  batches  of  animals. 
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Discussion 


This  study  demonstrates  that  hydrogel-based  administration  of  salubrinal  in  PLGA 
microparticles  elevates  the  ultimate  force  in  the  four-point  bending  test  and  improves  mechanical 
strength  of  the  fractured  tibia.  Injectable  and  biodegradable  hydrogels  are  excellent  matrices  for 
temporarily  filling  critical  size  bone  defects  and  for  delivering  therapeutically  relevant  agents  to 
facilitate/accelerate  the  healing  process.  The  injectable  PEG-based  hydrogels  used  in  this  study 
were  prepared  using  multi-arm  PEG  macromers  (i.e.,  PEG4A  and  PEG4SH,  Fig.  2A)  with 
mutually  reactive  acrylate  and  thiol  moieties.  In  situ  gelation  was  achieved  through  a  Michael- 
type  addition  reaction  (Fig.  2B),  and  the  resulting  thiolether  ester  bonds  could  be  degraded 
hydrolytically  and/or  enzymatically  by  esterases  (Fig.  2B).  We  fabricated  degradable  PFGA 
microparticles  for  loading  and  subsequently  releasing  salubrinal  in  vivo.  After  injecting  the 
precursor  solution  in  the  fracture  site,  hydrogel  hardened  and  effectively  entrapped  the  drug- 
loaded  microparticles.  Instead  of  delivering  as  daily  systemic  injections,  the  hydrogel  served  as 
void  filling  matrices,  whereas  the  PFGA  microparticles  carried  salubrinal  and  released  it  locally 
and  gradually.  Ideally,  the  PEG  hydrogels  and  the  PFGA  microparticles  would  degrade  slowly  as 
the  new  bone  formed  and  regenerated. 

In  experiment  1,  salubrinal  was  loaded  in  PFGA  microparticles  and  given  one  day  after  the 
induction  of  tibia  fracture  as  a  single  injection  at  a  dose  of  5  mg/kg.  In  this  administration,  two 
solutions  (PEG4SH  and  PEG4A)  were  mixed  and  the  liquid  mixture  was  quickly  injected  into 
the  site  of  fracture  within  30  sec.  When  salubrinal  was  applied  as  a  daily  subcutaneous  injection 
at  a  dose  of  1  mg/kg  in  experiment  2,  no  significant  improvement  of  mechanical  parameters  such 
as  the  ultimate  force  and  stiffness  was  observed.  Since  the  subcutaneous  injection  was 
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conducted  28  times  during  the  4-week  healing  period,  the  total  dose  became  28  mg/kg. 
Collectively,  efficacy  of  salubrinal  in  fracture  healing  significantly  depends  on  its  delivery 
method.  A  local  delivery  with  a  dose  of  5  mg/kg  was  found  to  be  more  effective  than  a  systemic 
delivery  with  a  total  dose  of  28  mg/kg. 

Agents  for  the  healing  of  bone  fracture  are  primarily  screened  and  selected  based  on  their 
efficacy  in  bone  formation  and  bone  remodeling  (29).  Salubrinal  is  a  unique  compound  that 
affects  inflammatory  responses  as  well  as  skeletal  preservation  and  reconstruction.  In  the 
reactive  phase  of  fracture  healing,  previous  studies  strongly  indicate  that  salubrinal  acts  as  an 
anti-inflammatory  agent.  For  instance,  salubrinal  is  reported  to  suppress  lipopolysaccharide 
(LPS)-stimulated  inflammatory  responses  in  macrophages  (14),  reduce  orofacial  inflammatory 
pain  (30),  and  alleviates  colitis  through  suppression  of  pro-inflammatory  cytokines  (31). 
Furthermore,  it  attenuates  inflammatory  cytokines  such  as  ILlp,  Cox2,  IL2,  TNF,  and  IL13  in 
macrophages,  T  lymphocytes,  and  mast  cells  (14).  The  mechanism  of  salubrinal’ s  anti¬ 
inflammatory  action  and  its  link  to  eIF2a  regulation  are  not  satisfactorily  understood  (32). 
Besides  eIF2a-mediated  signaling,  salubrinal  is  reported  to  downregulate  NFkB  signaling  in  an 
eIF2a  independent  fashion  (15).  Although  inflammatory  responses  are  a  critical  phase  in 
fracture  healing,  the  results  with  hydrogel-based  administration  of  salubrinal  indicate  that 
suppression  of  inflammatory  responses,  at  least  in  part,  may  accelerate  an  overall  healing  of 
fractured  bone. 

While  BMP2  mainly  enhances  bone  formation  without  directly  affecting  bone  resorption, 
salubrinal  not  only  stimulates  osteoblastogenesis  but  also  inhibits  osteoclastogenesis  in  the 
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reparative  and  remodeling  phases  of  fracture  healing.  Furthermore,  salubrinal’s  action  is 
mediated  using  its  unique  signaling  pathway.  Regarding  bone  formation,  salubrinal  activates 
development  of  osteoblasts  by  upregulating  ATF4,  followed  by  ATF4-mediated  elevation  of 
osteocalcin.  Upregulation  of  ATF4  is  primarily  driven  by  the  elevated  eIF2a  phosphorylation 
(10),  while  BMP2  activates  many  other  signaling  pathways  including  Smad,  mitogen-activated 
protein  kinase  (MAPK),  Wnt,  Hedgehog,  Notch,  and  fibroblast  growth  factor  (FGF)  (33). 
Regarding  bone  resorption,  salubrinal  suppresses  the  proliferation  and  maturation  of  osteoclasts 
by  downregulating  AP-1  proteins  such  as  c-Fos  and  JunB,  as  well  as  NFATcl  (12).  The 
mechanistic  differences  in  the  actions  of  BMP2  and  salubrinal  may  result  in  their  differential 
effects  on  malignant  tumor.  BMP2  has  a  risk  of  inducing  cancer  (34),  but  salubrinal  is  reported 
to  present  an  inhibitory  role  in  growth  and  migration  of  breast  cancer  cells  (16). 

Bisphosphonates  are  anti-resorptive  agents  which  have  been  frequently  administered  for 
treatment  of  osteoporosis.  In  bone  fractured  animals  treated  with  bisphosphonates,  an  increase  in 
callus  size  and  bone  strength  is  reported  (35).  A  comparative  study  between  bisphosphonates 
and  salubrinal  might  help  understand  significance  of  anti-resorptive  actions  in  the  fracture 
healing. 

There  are  several  factors  that  might  contribute  to  further  elevating  salubrinal’s  efficacy.  First, 
the  most  effective  release  rate  of  salubrinal  might  be  determined  by  adjusting  its  loading 
condition  to  PLGA.  Second,  the  size  of  PEG  molecules  (currently  10  kDa  and  20  kDa)  might  be 
altered  to  control  PLGA  retention  in  a  hydrogel  and  salubrinal’s  release  rate.  Third,  salubrinal’s 
efficacy  will  be  evaluated  in  each  of  the  three  healing  phases  separately.  In  summary,  we 
demonstrated  that  a  single  hydrogel-based  administration  of  salubrinal  increased  mechanical 
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strength  of  the  fractured  tibia.  Further  analysis  regarding  administration  frequency  and  most 
effective  dosage  may  warrant  a  future  clinical  trial  to  the  common  closed  tibial  shaft  fracture. 
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Figure  Legends 

Figure  1.  Tibia  fracture  study.  (A)  Custom-made  3-point  bending  device  for  inducing  closed 
tibia  fracture.  (B)  Four-point  bending  setup  for  mechanical  testing.  (C  &  D)  X-ray  images  of 
the  fractured  tibiae.  Of  note,  a  stainless  steel  rod  was  inserted  in  the  medullary  cavity  of  the 
tibia. 

Figure  2.  Hydrogel  based  delivery.  (A)  Chemical  structure  of  two  PEG  derivatives  (PEG4SH 
and  PEG4A).  (B)  Chemical  reactions  for  in  situ  gelation  and  overtime  hydrolysis.  (C)  Changes 
in  moduli  during  gelation  without  PLGA  particles.  (D)  Changes  in  moduli  during  gelation  with 
salubrinal-loaded  PLGA  particles. 

Figure  3.  X-ray  images,  micro  CT  images,  and  BMD  and  BMC  for  experiment  1.  (A)  X-ray 
images  of  the  fractured  tibiae  for  the  hydrogel  placebo  (group  2)  and  hydrogel  salubrinal  (group 
3)  in  weeks  0,  1,2,  3,  and  4.  (B)  Micro  CT  images  of  the  intact  control  sample  (group  1).  Scale 
bar  indicates  1  mm.  (C)  Micro  CT  images  of  the  hydrogel  placebo  sample  (group  2).  (D)  Micro 
CT  images  of  the  hydrogel  salubrinal  sample  (group  3).  (E)  BMD  for  the  whole  tibia  and  callous 
near  the  fracture  site  for  groups  2  and  3.  (F)  BMC  for  the  whole  tibia  and  callous  near  the 
fracture  site  for  groups  2  and  3. 

Figure  4.  Fracture  score  and  force-displacement  relationship  for  experiment  1.  (A)  Fracture 
score  in  weeks  0  -  4  for  the  hydrogel  control  and  hydrogel  salubrinal  groups.  Of  note,  fracture 
score  =  “0”  (no  obvious  fracture),  “1”  (minor  fracture),  “2”  (moderate  fracture),  and  “3”  (severe 
fracture).  (B  -  D)  Force-displacement  relationship  for  groups  1-3  in  response  to  an  increasing 
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sinusoidal  force  (0.5  N,  peak-to-peak)  at  0.5,  1,  and  2  Hz,  respectively.  (E  -  G)  Force- 
displacement  relationship  for  groups  1-3  in  response  to  a  decreasing  sinusoidal  force  (0.5  N, 
peak-to-peak)  at  0.5,  1,  and  2  Hz,  respectively. 

Figure  5.  Mechanical  strength  4  weeks  after  fracture  induction  for  experiment  1.  (A)  Force- 
displacement  relationship  for  the  hydrogel  control  group  in  response  to  a  linearly  increasing 
displacement.  The  cross  indicates  the  site  of  ultimate  force.  (B)  Force-displacement  relationship 
for  the  hydrogel  salubrinal  group.  (C)  Ultimate  force  of  the  hydrogel  control  and  hydrogel 
salubrinal  groups.  (D)  Stiffness  of  the  hydrogel  control  and  hydrogel  salubrinal  groups. 

Figure  6.  Administration  of  BMP2  and  salubrinal  as  subcutaneous  injection  near  the  fracture  site 
in  experiment  2.  (A)  X-ray  images  of  the  fractured  tibiae  for  the  subcutaneous  control  (group  4), 
subcutaneous  BMP2  (group  5),  and  subcutaneous  salubrinal  (group  6)  in  weeks  0,  1,  2,  3,  and  4. 
(B)  Fracture  score  in  weeks  0  -  4  for  the  subcutaneous  control,  BMP2,  and  salubrinal  groups.  (C 
&  D)  BMD  and  BMC  of  the  fractured  tibia,  respectively.  (E)  Ultimate  force  of  the  subcutaneous 
control,  BMP2,  and  salubrinal  samples.  (F)  Stiffness  of  the  subcutaneous  control,  BMP2,  and 
salubrinal  samples. 
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